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This  book  has  been  undertaken  in  the  hope  that  it  may 
supply  a  want  in  the  literature  of  naval  architecture. 
Existing  treatises  have  been  written  mainly  for  the  use  of 
those  who  desired  to  obtain  the  knowledge  of  the  subject 
required  in  the  practice  of  ship  designing ;  in  all,  or  nearly 
all,  these  books  mathematical  language  is  freely  used,  and 
without  a  considerable  knowledge  of  mathematics  no  one 
can  follow  the  reasoning.  My  work  at  the  Boyal  Naval 
College  haSy  however,  shown  me  that  outside  the  profession 
of  the  naval  architect  there  are  to  be  found  very  many 
persons,  more  or  less  intimately  connected  with  shipping, 
who  desire  to  obtain  acquaintance  with  the  principles  of 
ship  construction,  but  cannot  obtain  the  information  from 
existing  text-books.  Officers  of  the  Boyal  Navy  have  re- 
peatedly asked  me  to  recommend  a  book  which  contained,  in 
popular  language,  a  comprehensive  summary  of  the  theory 
of  naval  architecture.  Being  unable  to  name  such  a  book, 
and  feeling  confident  that  the  desire  expressed  by  officers  of 
the  Boyal  Navy  will  be  shared  by  many  officers  of  the 
mercantile  marine^  as  well  as  shipbuilders,  shipowners,  and 
others,  I  decided  to  attempt  the  task  now  completed.  I 
venture  to  hope  that  the  work  may  be  found  acceptable  also 
as  an  introduction  for  students  to  the  more  mathematical 
treatment  of  the  subject  contained  in  other  works,  and  that 
even  naval  architects  themselves  may  find  some  valuable 
information  herein. 

Throughout  the  book,  so  far  as  seemed  possible,  popular 
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langnage  is  employed ;  where  mathematical  language  is 
used,  it  is  of  the  simplest  character.  Explanations  are  given 
of  many  terms  and  mechanical  principles,  which  need  no 
explanation  to  readers  possessing  a  good  knowledge  of 
mathematics ;  this  course  having  been  followed  in  order  to 
assist  the  general  reader,  and  render  it  unnecessary  for  him 
to  turn  to  other  books.  The  details  of  many  important 
theoretical  investigations  are  necessarily  omitted ;  but  the 
general  modes  of  procedure  are  sketched,  and  the  practical 
deductions  are  fully  explained.  These  deductions  are 
clearly  of  the  greatest  value  to  the  readers  for  whom  the 
lKH>k  is  mainly  designed ;  and  it  has  been  my  endeavour  to 
make  the  survey  of  the  theory  of  naval  architecture,  from 
this  ix)int  of  view,  as  complete  as  possible.  Practical  ship- 
building is  not  treated  of;  but  in  the  Chapters  on  Strains, 
Structural  Strength,  and  Materials  for  Shipbuilding,  will  bo 
found  an  outline  of  the  principles  which  govern  the  work  of 
Iho  shipbuilder,  and  an  account  of  the  principal  features 
of  the  structures  in  various  types  of  ships.  The  principal 
deductions  from  theory  respecting  the  buoyancy,  stability, 
behaviour,  resistance,  propulsion,  and  steering  of  ships,  are 
set  forth  at  length ;  practical  rules  are  given  for  regulating 
the  draught  and  stowage  of  ships,  observing  their  behaviour 
at  sea,  and  noting  the  dimensions  of  ocean  waves.  In  every 
case  numerous  illustrations  of  these  deductions  are  drawn 
from  the  particulars  and  performances  of  representative 
ships,  belonging  to  English  or  foreign  navies,  and  to  the 
mercantile  marine.  Ships  of  war  naturally  receive  most 
attention,  the  information  respecting  them  being  more  exact 
and  extensive  than  the  corresponding  facts  for  merchant 
ships ;  but  the  latter  will  also  be  found  to  receive  consider- 
able notice,  the  latest  types  of  clipper  sailing  ships  and  mail 
steamers  being  described,  and  their  performances  discussed. 
The  classes  of  war-ships  for  which  particulars  are  given 
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range  from  the  sailing  ships  of  half  a  century  ago  up  to  the 
circular  ironclads  and  central-citadel  ships  of  the  present 
day. 

Apart  from  the  illustrative  use  made  of  these  fEicts,  it  is 
hoped  that  the  mass  of  information  thus  brought  together, 
some  of  which  has  never  before  been  published,  will  add  to 
the  value  of  the  book.  Not  only  naval  officers,  but  naval 
architects,  may  be  glad  to  have  brought  together  in  a  com- 
pact form,  and  made  easy  of  reference,  much  information 
that  either  lies  scattered  or  is  inaccessible  elsewhere.  To 
the  notice  of  naval  architects  also  I  would  venture  to  recom- 
mend the  Chapters  on  Steam  Propulsion  and  Steering^ 

One  great  object  which  I  have  kept  in  view  throughout 
has  been  to  endeavour  to  awaken  in  the  minds  of  seamen  an 
intelligent  interest  in  the  observations  of  deep-sea  waves  and 
the  behaviour  of  ships.  Upon  such  observations  further 
progress  in  the  theory  of  naval  architecture  largely  depends ; 
and  although  much  has  been  done  of  late  years,  especially 
by  officers  of  the  Boyal  Navy,  still  more  remains  to  be 
done. 

The  success  which  has  already  attended  my  endeavours  to 
popularise  a  few  out  of  the  many  problems  of  ship  design, 
in  lectures  delivered  at  the  Eoyal  Naval  College  to  naval 
officers,  leads  me  to  hope  that  a  similar  mode  of  treatment 
applied,  as  in  the  present  work,  to  the  whole  range  of  naval 
architecture  may  be  welcomed  by  a  wider  circle  of  readers. 
One  incentive  to  undertake  the  book  was  found  in  the 
requests  made  by  many  officers  who  attended  the  lectures 
that  they  might  be  published ;  but  it  seemed  preferable  to 
enlarge  their  scope  considerably  before  publication,  and 
although  much  of  the  material  used  for  the  lectures  has 
been  embodied  in  this  book,  it  considerably  amplifies  and 
extends  the  treatment  of  the  subjects  included  in  the  four 
courses  of  lectures. 
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Hnch  of  the  information  contained  in  this  book  has 
necessarily  been  drawn  from  the  works  of  other  writers ;  in 
all  such  cases  I  have  endeavoured  to  acknowledge  the  sources 
of  information.  In  a  few  cases  the  substance  of  papers  of 
my  own,  previously  published,  has  been  us^ ;  these  cases 
are  also  mentioned  in  the  text,  with  one  exception.  While 
the  book  was  passing  through  the  press,  some  of  the  materials 
of  Chapters  V.  and  VL  were  used  in  a  lecture  delivered  at 
the  Koyal  United  Service  Institution. 

In  conclusion  I  desire  to-  acknowledge  the  valuable 
advice  on  many  matters  of  diflSculty  given  me  by  Mr. 
Crossland,  Chief  Constructor  of  the  Navy ;  and  the  great 
assistance,  in  the  revision  for  the  press,  kindly  rendered  by 
Mr.  Philip  Watts,  of  the  Controller  of  the  Navy's  Depart- 
ment, Admiralty. 

W.  H.  White. 


London,  1877. 
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NAVAL  ARCHITECTURE. 


CHAPTER  1. 


THE   DISPLACEMENT   AND   BUOYANCY  OP  SHIPS. 

A  SHIP  floating  at  rest  in  still  water  must  displace  a  volume 
of  water  having  a  weight  equal  to  her  own  weight.  The 
truth  of  this  fundamental  condition  may  be  easily  demon- 
strated. Ijct  Fig.  1  represent  the  ship  (in  profile  view  and 
athwartship  section),  WL  being  the  surface  of  the  water. 
If  it  is  supposed  that  the  water    surrounding   the   ship 
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becomes  solidified,  and  that  the  ship  is  then  removed, 
there  will  remain  a  cavity  representing  in  form  and 
volume  the  water  displaced  by  the  ship:  this  is  termed 
the  "  volume  of  displacement "  (or,  shortly,  the  "  displace- 
ment ")  of  the  ship,  being  represented  in  the  diagrams  by 
WKL.  If  the  cavity  is  then  filled  up  to  the  level  of 
the  surface  WL  with  water  of  the  same  density  as  that  in 
which  the  ship  floated,  and  afterwards  the  surrounding 
water  again  becomes  liquid,  there  will  obviously  be  no 
disturbance    or    change   of  level   in    consequence  of  the 
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substitution  of  the  water  for  the  ship.  Therefore  the  total 
weight  of  water  poured  into  the  cavity — that  is,  the  total 
weight  of  water  displaced  by  the  ship — must  equal  her  weight. 

This  fundamental  law  of  hydrostatics  applies  to  all  float- 
ing bodies,  and  is  equally  true  of  wholly  submerged  vessels 
as  of  ships  (like  that  in  Fig.  1)  of  ordinary  form,  having  only 
a  portion  of  their  volume  immersed. 

Ships  which  are  of  equal  weight  may  differ  greatly  in 
form  and  dimensions,  and  consequently  the  forms  of  their 
respective  displacements  will  differ;  but  when  they  are 
floating  in  water  of  the  same  density,  the  volumes  must  be 
equal  to  one  another,  because  the  weights  of  the  ships  are 
equal.  On  the  other  hand,  when  a  ship  passes  from  water 
of  one  density  to  water  of  another  density,  say  from  the  open 
sea  to  a  river  where  the  water  is  comparatively  fresh,  her 
volume  of  displacement  must  change,  because  the  weight 
of  water  displaced  must  be  the  same  in  both  cases.  Under 
all  circumstances  the  volume  of  displacement,  multiplied 
by  the  weight  per  imit  of  volume  of  the  water  in  which  the 
ship  floats,  must  equal  the  weight  of  the  ship.  It  is  usual 
to  express  the  volume  in  cubic  feet,  and  for  sea-water  to 
take  64  lbs.  as  the  weight  of  a  cubic  foot:  so  that  the 
weight  of  the  ship  in  tons  multiplied  by  thirty-five  gives 
the  number  of  cubic  feet  in  the  volume  of  displacement 
when  she  floats  in  sea  water. 

At  every  point  on  the  bottom  of  a  shij)  afloat,  the  water 
pressure  acts  perpendicularly  to  the  bottom.  This  normal 
pressure  at  any  point  depends  upon  the  depth  of  the  point 
below  the  water  surface ;  and  it  may  be  regarded  as  made 
up  of  three  component  pressures.  First,  a  vertical  pressure ; 
second,  a  horizontal  pressure  acting  athwartships ;  third,  a 
horizontal  pressure  acting  longitudinally.  Over  the  whole 
surface  of  the  bottom  a  similar  decomposition  of  the  normal 
fluid  pressures  may  be  mude ;  but  of  the  three  sets  of  forces 
so  obtained,  only  those  acting  vertically  are  important  in  a 
ship  at  rest.  The  horizontal  components  in  each  set  must 
obviously  be  exactly  balanced  amongst  themselves,  otherwise 
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the  ship  would  be  set  in  motion,  either  athwartships  or  length- 
wise. The  sum  of  the  vertical  components  must  be  balanced 
by  the  weight  of  the  ship,  which  is  the  only  other  vertical 
force ;  this  sum  is  usually  termed  the  "  buoyancy ;"  it  equals 
the  weight  of  water  displaced,  and  the  two  terms  "  buoyancy  " 
and  "  displacement "  are  often  used  interchangeably. 

The  total  weight  of  a  ship  may  be  subdivided  into  the 
**  weight  of  the  hull,"  or  structure,  and  the  **  weight  of  lading." 
The  latter  measures  the  "  carrying  power  "  of  the  ship,  and 
is  therefore  frequently  termed  the  "useful  displacement." 
Useful  displacement  for  a  certain  degree  of  immersion  ia 
simply  the  difference  between  the  total  displacement  and  the 
weight  of  the  hull :  so  that  any  decrease  in  the  weight  of  hull 
leads  to  .an  increase  in  the  carrying  power.  If  the  ship  is 
a  merchantman,  savings  on  the  hull  enable  the  owner  either 
to  carry  more  cargo  in  a  vessel  of  a  specified  size  or  else  to 
build  a  smaller  vessel  to  carry  a  specified  cargo.  If  the  ship 
is  a  man-of-war,  such  savings  on  the  hull  render  possible 
increase  in  the  offensive  or  defensive  powers,  or  in  the  coal 
supply,  engine  power,  or  speed ;  or  else  enable  certain  speci- 
fied qualities  to  be  obtained  on  smaller  dimensions  than 
would  otherwise  be  practicable.  Hence  appears  the  neces- 
sity for  careful  selection  of  the  best  materials  and  most 
perfect  structural  arrangements,  in  order  that  the  necessary 
strength  may  be  secured  in  association  with  the  minimum 
of  weight.  It  is  in  this  direction  that  all  recent  improve-* 
ments  in  shipbuilding  have  tended,  and  the  use  of  iron 
hulls  instead  of  wood  has  greatly  facilitated  progress. 
For  example,  in  wooden  ships  of  war  it  is  common  to  find 
the  weight  of  hull  equal  to  one-half  of  the  total  displace- 
ment ;  whereas  in  iron  ships  the  hull  weighs  only  30  or 
40  per  cent,  of  the  displacement.  Iron  merchant  ships  also, 
even  of  the  largest  size,  frequently  have  hulls  weighing 
only  one-third  of  the  displacement.  Hereafter  a  description 
will  be  given  of  the  principal  structural  improvements  to 
which  the  savings  in  weight  of  hull  are  due. 

Having  given  the  draught  of  water  to  which  it  is  pro- 
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pofied  to  immerse  a  ship,  the  yolnme  of  her  immersed  part 
determines  the  corresponding  displacement,  and  this  dis- 
placement can  be  calculated  with  exactitude  from  the  draw- 
ings of  the  ship.  This  is  the  method  adopted  by  the  naval 
architect ;  but  any  details  of  the  method  would  be  out  of 
place  here.  At  the  same  time  an  approximate  rule  by 
which  an  estimate  of  the  displacement  of  the  ship  may  be 
rapidly  made  may  have  some  value.  Assuming  that  the 
length  of  the  ship  at  the  load-line  is  known  (say  L),  also 
the  breadth  extreme  (B),  and  the  mean  draught  (D),  the 
product  of  these  three  dimensions  will  give  the  volume  of  a 
parallelopipedon  circumscribing  the  immersed  portion  of  the 
ship.    This  may  be  written : — 

Volume  of  parallelopipedon  =  V  (cubic  feet)  =  L  x  B  x  D. 

The  volume  of  displacement  may  then  be  expressed  as  a 
percentage  of  the  volume  (V)  of  the  parallelopipedon ;  and 
for  the  undermentioned  classes  of  ships,  the  following  rules 
hold:— 


Classes  of  Shi|)S. 

Displacement  equal 

to  Percentage  of 

Volume  (V). 

1.  Fast  steamships,  such  as  her  Majesty's  yachts  ) 

or  the  Holyhead  packets 

2.  Swift  steam-cruisers  of  Royal  Navy  {Inconstant  \ 

and  Volage  dames) ;  corvettes  and  sloops  .  ( 

3.  Gun-vessels  of  Royal  Navy;  merchant  steamers  ) 

(common  forms) ) 

4.  Old  classes  of  unarmoured  steam  line-of-battle  ) 

ships  and  frigates  in  Boyal  Navy    .      .      .  ( 

6.  Early  types    ot    ironclads  in    Royal    Navy  \ 

(IFbrrtor  and  Jlftrwtottr  classes)     ...  J 

6.  Modem  ty])es  of  rigged  ironclads,  with  moderate  J 

proportions  of  length  to  breadth       .     .     .  f 

7.  Mastless  sea-going  ironclads  {Devastation  class);  \ 

cargo-carrying  steamers  of  moderate  speed.  ( 

43  to  4C  per  cent. 
46  to  52  per  cent. 
65  to  60  per  cent. 
50  to  55  per  cent. 
55  per  cent. 
60  to  62  per  cent. 
65  to  70  per  cent. 

This  table  may  be  found  serviceable  in  rapidly  approxi- 
mating to  the  displacement  of  a  ship  for  which  the  principal 
dimennsios  are  known ;  although  it  makes  no  pretensions 
to  completeness  or  exactness.     Taken  in   connection  with 
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preyious  statements  of  the  proportions  which  the  weights  of 
hulls  in  different  classes  of  ships  bear  to  the  total  displace- 
ments, it  will  enable  the  useful  displacements,  or  carrying 
powers,  of  yessels  to  be  ascertained  with  fair  approximation, 
when  their  class,  intended  speed,  &c.  are  known. 

For  example,  take  a  wood-built  corvette  of  the  Encownter 
class  in  the  Boyal  Navy,  Her  dimensions  are: — Length 
=  L  =  22U  feet ;  breadth  =  B  =  87  feet ;  mean  draught 
=  D  =  15|  feet. 

Hence  for  parallelopipedon,  volume  is  given  by 

V=  L  X  B  X  D  =  220  X  37  X  15J  =  128,205  cubic  feet 

By  rule  2  in  foregoing  table,  taking  the  upper  limit,  as 
these  vessels  have  only  moderate  speed — 

Displacement  (in  cubic  feet)  =»  52  per  cent,  of  V 

=Y^  X  128,205  =  66,660  cubic  feet. 

Displacement  (in  tons)  =  66,660  -7-  35*  =  1904  tons. 

The  displacement  of  the  class  (see  Navy  List)  is  about 
1930  tons.  Being  built  of  wood,  the  hull  of  such  a  vessel 
will  weigh  about  one-half  the  displacement;  the  carrying 
power  being  consequently  about  one-half  also.  So  that, 
approximately,  it  may  be  said — 

Useful  displacement,  or  total  carrying  power  =  950  tons. 

This  is  approximately  the  total  weight  available,  there- 
fore, in  a  vessel  of  the  Encounter  class,  for  engines,  boilers, 
coals,  stores,  equipment,  and  armament ;  and  the  disposal 
of  this  available  weight  in  the  manner  that  will  secure  the 
greatest  efficiency  for  the  service  intended  is  a  matter 
requiring  careful  consideration. 

As  another  example,  take  the  case  of  one  of  her  Majesty's 
armoured  frigates,  masted  and  rigged,  such  as  the  Alexandra, 
the  most  powerful  ship  of  that  class  yet  completed.     Her 


*  See  page  2  as  to  weight  of  sea  water. 
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diiuonrioiis  are : — Length  =  L  =  325  feet ;  breadth  =  B  = 
(Ul|  feet ;  mean  draaght  :=  D  =  26^  feet 

Hence 

V=  L  X  B  X  D  =  325  X  63§  X  26J  =  543,156. 

AJao,  by  rule  6  in  the  table — 

Displacement      |  =  60  to  62  per  cent  of  V  =  61  (say) 
(approximate)  |     =^  x  543,156=  331,290  cubic  feet. 

And  displacement  in  tons  =  331,290  -7-  35  =  9465  tona 

On  reference  to  the  Navy  List,  the  displacement  will  be 
found  to  be  9492  tons ;  so  that  the  approximation  is  fair. 

As  to  the  "  useful  displacement "  of  the  Alexandra  type, 
it  will  be  remembered  that  about  40  per  cent,  of  the 
displacement  is  required  for  the  hull  in  such  vessels;  so 
that  60  per  cent. — or  about  5600  tons — would  be  a  fair  ap- 
proximation to  the  total  carrying  power,  and  this  weight 
is  what  the  designer  has  in  his  power  to  distribute  as  he 
thinks  best,  over  armour,  guns,  machinery,  coals,  and  all 
other  parts  of  the  equipment.  These  examples  will  pro- 
bably suffice  to  show  the  reader  unfamiliar  with  the  exact 
processes  for  calculating  the  displacement  of  ships  how  he 
may  approximate  to  that  displacement. 

The  percentages  stated  in  the  foregoing  table  are  tech- 
nically known  as  "coefficients  of  fineness,"  expressing,  as 
they  do,  the  extent  to  which  the  immersed  part  of  the  ship 
is  "  fined  "  or  reduced  from  the  parallelopipedon  that  can  be 
circumscribed  about  it.  As  measures  of  the  comparative 
fineness  of  form  of  any  two  ships,  it  is,  perhaps,  more 
satisfactory  to  take  the  coefficients  expressing  the  ratios 
of  the  respective  volumes  of  displacement  to  the  volumes  of 
the  right  cylinders  described  upon  the  greatest  immersed 
athwartship  sections  of  the  ships,  and  having  lengths  equal 
to  the  lengths  of  the  ships  along  the  water-lines.  But  the 
determination  of  these  last-named  coefficients  involves  the 
use  of  the  drawings  of  the  ships  in  order  to  determine 
the  areas  of  the  immersed  midship  sections ;  and  they  are  of 
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greater  use  to  the  nayal  architect  than  to  the  naval  officer. 
The  rules  giyen  above  are  therefore  more  likely  to  be  suited 
for  use  in  cases  where  a  fair  approximation  to  accuracy  ts 
sufficient  than  if  they  were  based  upon  the  more  exact  co- 
efficients of  fineness. 

Ships  vary  in  their  draught  of  water  and  displacement  as 
the  weights  on  board  vary,  and  in  cargo-carrying  merchant 
vessels  this  variation  is  most  considerable,  their  displacement 
without  cargo,  coals,  or  stores,  often  being  considerably  less 
than  one-half  of  the  load  displacement.  In  ships  of  war 
the  variation  in  displacement  is  not  usually  so  great,  but 
even  in  them  the  aggregate  of  consumable  stores  reaches 
a  large  amount,  and  when  they  are  out  of  the  ship,  she  may 
float  2  or  3  feet  lighter  than  when  fully  laden.  Naval 
architects  have  devised  a  plan  by  whic'h,  without  perform- 
ing a  calcu- 
lation for 
every  line 
at  which  a 
ship  may 
float,  it  is 
possible  to 
ascertain 
the  corres- 
ponding dis- 
placement 
by  a  simple 
measure- 
ment. Fig. 
2  illustrates 

one  of  the  "curves  of  displacement"  dniwn  for  this  pur- 
pose ;  it  is  constructed  as  follows.  The  displacements  up  to 
several  water-lines  are  obtained  by  direct  calculation  from 
the  drawings  of  the  ship,  in  the  manner  before  mentioned. 
Then  a  line  AB  is  drawn,  the  point  A  representing  the 
under  side  of  the  keel,  and  the  length  AB  representing 
the  "  mean  draught "  of  the  ship  when  fully  laden ;  this 
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mean  draught  being  half  the  sum  of  the  draughts  of 
water  forward  and  aft.  Through  B  a  line  BC  is  drawn 
at  right  angles  to  AB^  the  length  BC  being  made  to 
represent,  to  scale,  the  total  displacement  of  the  ship  when 
fully  laden :  an  inch  in  length  along  BC  representing, 
say,  100  tons  of  displacement.  Suppose  the  displacement 
to  haye  been  also  calculated  up  to  another  water-line 
(represented  by  DE  in  the  diagram)  parallel  to  and  at  a 
known  distance  below  the  load-line  (BC).  Then  on  DE  a 
length  is  set  off  representing  this  second  displacement  on 
the  same  scale  as  was  used  for  BC.  Similarly  the  lengths 
FG,  HK,  and  so  on,  are  determined,  and  finally  the  curve 
CEG  ...  A  is  drawn  through  the  ends  of  the  yarious 
ordinates.  When  this  cunre  is  once  drawn,  it  becomes  avail- 
able to  find  the  approximate  displacement  for  any  draught 
of  water  at  which  the  ship  may  float,  supposing  that  she 
does  not  very  greatly  depart  in  trim  from  that  at  which 
she  floats  when  fully  laden.*  For  instance,  suppose  the 
mean  draught  for  which  the  displacement  is  required 
to  be  4  feet  lighter  than  the  load-draught.  Set  down 
Bo;  representing  the  4  feet,  on  the  same  scale  on  which 
AB  represents  the  mean  load-draught.  Through  aj  draw 
xy  perpendicular  to  AB  to  meet  the  curve,  and  the 
length  xij  (on  the  proper  scale)  measures  the  displace- 
ment at  the  light  draught.  This  brief  explanation  will 
doubtless  render  obvious  the  great  practical  usefulness  of 
curves  of  displacement,  which  always  form  part  of  the  calcula- 
tions attached  to  the  designs  of  ships  for  the  Royal  Navy. 

Another  problem  that  frequently  occurs  is  the  determina- 
tion of  the  increased  immersion  which  will  result  from 
putting  a  certain  weight  on  board  a  ship  when  floating  at 
a  known  draught,  or  the  decreased  immersion  consequent 
on  removing  certain  weights.  Here  again  the  naval  architect 
resorts  to  a  graphic  method  in  order  to  avoid  numerous 


♦  By  "  trim  **  the   naval   architect  means  the  difference  in  drawjH 
at  the  bow  of  a  ship  from  that  at  the  stern. 
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independent  calculations.  The  diagram,  Fig.  3,  represents 
a  "curve  of  tons  per  inch  immersion";  the  horizontal 
measurement  from  the  base-line  AB  representing  (on  a 
certain  scale)  the  number  of  tons  which  would  immerse  the 
ship  one  inch  when  she  is  floating  at  the  draught  corre- 
sponding to  the  ordinate 
along  which  the  measure- 
ment is  made.  The  con- 
struction of  this  curve  is 
very  similar  to  that  of  the 
curve  of  displacement  in 
Fig.  2,  the  successive 
points  on  the  curve  being 
found  for  the  equidistant 
water-lines,  BC,  DE,  FG, 
&c.,  by  direct  calcula- 
tion from  the  drawings 
of  the  ship;  and  the 
length  of  the  ordinate  xy 
determining  the  number 
of  tons  required  to  inmierse  the  ship  one  inch  when  floating 
at  any  mean  draught,  Ax.  In  this  case  also  it  is  to  be 
understood  that  at  the  various  mean  draughts  considered 
there  are  no  considerable  departures  in  trim  from  that  of  the 
fully  laden  ship. 

It  will  be  observed  in  the  diagram  that  the  upper  part 
of  the  curve  of  tons  per  inch  is  very  nearly  parallel  to  the 
base-line  AB;  this  simply  indicates  the  well-known  fact 
that,  in  the  neighbourhood  of  the  deep  load-line  of  ships  of 
ordinary  form,  the  sides  are  nearly  upright,  and  there  is 
little  or  no  change  in  the  form  of  the  horizontal  sections. 
For  all  practical  purposes,  in  most  ships,  no  great  error 
is  involved  in  assuming  that  twelve  times  the  weight 
which  would  sink  the  ship  one  inch  below  her  load-line 
will  sink  her  one  foot,  or  that  a  similar  rule  holds  for  the 
same  extent  of  lightening  from  the  load  draught.  In  fact, 
it  is  very  common  to  find  this  rule  holding  fairly  for  2  feet 
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on  either  side  of  the  fully  laden  water-line.  A  rule  which 
giyes  a  fair  approximation  to  the  tons  per  inch  immersion 
at  the  load-line,  in  terms  of  the  length  and  breadth  of  the 
ship,  has  therefore  considerable  value.  Using  the  same 
symbols  as  before,  viz.: — 

Length  of  the  ship  at  the  load-line  =  L  (feet), 
Breadth        „  „  „         =B     „ 

we  should  have. 

Area  of  circumscribing 


parallelogram 


=  L  X  B  =  A  (square  feet). 


And  then  the  following  rules  express,  with  a  considerable 
amount  of  accuracy,  the  number  of  tons  required  to  immerse 
or  emerse  the  ship  one  inch  when  floating  at  her  load 
draught : — 

Tons  per  Inofa. 

1.  For  long  fioe  ships  of  great  speed =  ^^  x  A. 

2.  For  ships  of  ordinary  form  (including  probably  the  )  _     i         . 

great  majority  of  vessels) j  ~  )J6  (J  ^    • 

3.  For  ships  of  great  beam  in  proportion  to  length  (say  1  _     i        * 

less  than  5  beams  in  length) j      30(F  ^  ^' 

One  or  two  examples  of  these  rules  may  prove  useful. 
The  Invincible  class  of  the  Koyal  Navy  are  ships  coming 
under  rule  2,  being  ships  of  ordinary  form.  Their 
dimensions  are : — Length  =  L  =  280  feet ;  breadth  =  B  = 
54  feet. 

Area  of  circumscribing  (  .        irioA 

„  I  °  }  =:  A  =  280  X  o4  =  15,120  sq.  it. 

parallelogram    .      .  )  »        ^ 

.'.  Tons  per  inch  at  load-line  =  t^^  x  15,120  =  27  tons. 

This  is  nearly  exact  for  these  vessels. 

As  a  second  example,  take  her  Majesty's  ship  Devastation^ 
a  short,  broad  yessel,  coming  under  rule  3.  Her  dimensions 
are ;— Length  =  L  =  285  feet ;  breadth  =  B  «=  ()2J  feet. 

Area  =  A  =  285  x  62J  =  17,740  square  feet. 

Tons  per  inch  at  load-line  =  3  J^  x  17,740  =  35  J  tons  (nearly). 

The  actual  '*  tons  per  inch  "  for  this  ship  is  about  36^  tons. 
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The  second  rule  in  the  foregoing  table  is  that  which 
should  be  applied  in  most  cases. 

It  is  easy  to  see  how  the  curves  of  tons  per  inch,  and  the 
curves  of  displacement  constructed  for  the  case  of  ships  float- 
ing in  sea-water,  may  be  made  use  of  in  order  to  determine 
the  change  of  draught  produced  by  the  passage  of  a  ship  into 
a  river,  or  estuary,  or  dock,  where  the  water  is  comparatively 
fresh.  For  example,  searwater  weighs  64  lbs.  per  cubic 
foot,  whereas  in  one  of  the  London  docks  the  water  weighs 
about  63  lbs.  per  cubic  foot— or  ^  part  less  than  sea- 
water.  Since  the  total  weight  of  water  displaced  by  the 
ship  must  remain  constant,  it  is  only  necessary  to  make 
the  following  corrections : — 

Difference  between  weight  of  sea-water  and  river-water  for 
the  volume  immersed  up  to  the  draught  at  which  the  ship 
floats  at  sea 

=  ^  X  weight  of  ship  =  ^^  W. 

Tons  per  inch  immersion  at  this  draught  iu  river-water 
=  ff  tons  per  inch  for  sea-water  =  ^  T. 

.  • .  Increase  in  draught  of  water  when  ship  floats  in  river- water 
=  AxW-MiT  =  g^  (inches). 

For  any  other  density  of  water  than  that  assumed  above, 
the  correction  would  be  made  in  a  similar  manner.  As 
a  numerical  example,  take  a  ship  having  the  following 
particulars : — ^Weight  =  W  =  6000  tons ;  tons  per  inch  at 
load-draught  in  sea-water  =  T  ==  30. 

Increased  draught  on  entering  London  \       ^ 

docks,  as  compared  with  her  draught  ( =  -^ — ^r^r  =  344  in. 

X  ^1.    XT  I      63x30 

at  the  Nore J 

The  draught  being  observed  when  the  vessel  is  about  to 
leave  the  sea,  the  curves  of  displacement  and  tons  per  inch 
will  furnish  the  corresponding  values  of  W  and  T  in  the 
foregoing  expressions. 

The  converse  case,  where  a  ship,  on  passing  from  a  dock 
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or  river  to  the  sea,  floats  at  a  less  draught,  need  not  be 
discussed.  It  is,  however,  of  considerable  importance  to 
merchant  ships,  exercising  an  appreciable  effect  upon  their 
freeboard  when  deeply  laden. 

The  buoyancy  of  a  ship  has  already  been  defined,  and 
shown  to  be  measured  by  the  displacement  up  to  any  assigned 
water-line.  "  Beserve  of  buoyancy  "  is  a  phrase  now  com- 
monly employed  to  express  the  volume,  and  corresponding 
buoyancy,  of  the  part  of  a  ship  not  immersed,  but  which 
may  be  made  watertight,  and  which  in  most  vessels  would  be 
inclosed  by  the  upper  deck,  although  in  many  cases  there 
are  watertight  inclosures  above  that  deck — such  as  poops, 
forecastles,  breastworks,  &c.  The  under-water,  or  immersed, 
part  of  a  ship  contributes  the  buoyancy ;  the  out-of-water 
part  the  reserve  of  buoyancy,  and  the  ratio  between  the  two 
has  a  most  important  influence  upon  the  safety  of  the  ship 
against  foundering  at  sea.  The  sum  of  the  two,  in  short, 
expresses  the  total  "  floating  power  "  of  the  vessel,  and  the 
ratio  of  the  part  which  is  utilised  to  that  in  reserve  is  a  matter 
requiring  the  most  careful  attention.  This  fact  has  come  into 
prominence  recently  in  the  discussion  of  questions  of  lading 
and  freeboard,  as  affecting  the  safety  of  merchant  ships. 

In  Figs.  4-9  are  given  illustrations  of  the  very  various 
ratios  which  the  reserve  of  buoyancy  bears  to  the  volume  of 
displacement  in  different  classes  of  ships.  As  this  is  only  a 
matter  of  ratio,  a  box-shaped  form  has  been  employed  instead 
of  a  ship-shaped,  and  in  all  the  cases  the  volume  of  displace- 
ment is  the  same,  so  that  the  out-of-water  portions  can  be 
compared  with  one  another  as  well  as  with  the  displacement. 

Fig.  4  represents  the  condition  of  low-freeboard  American 
monitors,  such  as  the  Cki/ricmicus  or  Passaic^  which  were 
employed  on  the  Atlantic  coast  during  the  Civil  War.  The 
upper  decks  of  these  vessels  are  said  to  have  been  between 
1  and  2  feet  only  above  water ;  their  reserve  of  buoyancy 
was  only  10  per  cent,  of  the  displacement. 

Fig.  5  represents  the  condition  of  the  American  monitor 
Miantatiamoh,  with  a  reserve  of  buo}ancy  of  about  20  per 
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cent,  of  the  displacement;   this  approximately  shows  her 

state     when      she 

crossed  the  Atlantic 

in   1866,    but    all 

openings     on    her 

upper  deck,  which 

was   about    3  feet 

above  water,  were 

carefully  closed  or 

caulked. 

Fig.  6  represents 
the  Cydopa  class 
of  breastwork  moni- 
tors in  the  Boyal 
Navy.  The  upper 
decks  of  these  ves- 
sels are  only  about 
the  same  height 
above  water  as  that 
of  the  Miantanomoh, 
but,  by  mecms  of 
an  armoured  breast- 
work standing  upon 
the  upper  deck,  the 
reserve  of  buoyancy 
is  increased  to  30 
per  cent,  of  the  dis- 
placement. 

Fig.  7  represents 
the  Devastation 
class,  in  which  the 
reserve  of  buoyancy 
is  50  per  cent  of 
the  displacement. 

Fig.  8  represents 
armoured  frigates 
of  high    freeboard 
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— such  as  the  SuUan  or  JEercuUS'-oi  the  Eoyal  Navy,  in 
which  the  reserve  of  buoyancy  reaches  80  or  even  90  per 
cent,  of  the  displacement. 

Fig.  9  represents  ships  of  high  freeboard  and  fine  under- 
water form — typified  by  her  Majesty's  ship  Inconstant— m 
which  the  reserve  of  buoyancy  is  equal  to,  or  even  greater 
than,  the  displacement. 

So  much  for  vessels  of  war.  As  regards  merchant  ships,  the 
diversity  of  practice  in  loading  renders  it  difficult  to  lay  down 
any  rule ;  there  seems,  however,  a  concurrence  of  opinion  in 
fixing  the  minimum  reserve  of  buoyancy  at  from  20  to  30 
per  cent,  of  the  displacement,  varying  it  according  to  the 
season  of  the  year,  the  character  of  the  cargo,  extent  of  the 
voyage,  &c.  But,  perhaps,  the  greatest  difficulty  met  with 
in  attempting  to  apply  any  such  rule  to  merchant  ships  is 
found  in  the  selection  of  those  parts  of  the  ships  which  shall 
be  regarded  as  contributing  to  the  reserve  of  buoyancy. 
"  Spar-decks,"  "  deck-houses,"  "  inclosed  poops  and  fore- 
castles," &c.  are  very  commonly  built,  of  comparatively 
slight  scantlings,  above  the  upper  deck  proper;  and  the 
assignment  of  proper  values  to  these  erections  in  estimating 
the  reserve  of  buoyancy  has  given  rise  to  much  discussion, 
out  of  which  no  practical  rule  for  guidance  has  come  which 
can  command  general  acceptance. 

Submarine  vessels,  such  as  have  been  built  or  proposed 
for  use  in  war,  furnish  examples  differing  from  ordinary 
ships.  They  are  intended  at  times  to  be  wholly  submerged, 
and  then  have  no  "  reserve  of  buoyancy,"  using  that  term  in 
the  same  sense  as  above.  Such  vessels,  of  course,  require 
to  be  arranged  so  that  the  operators  within  them  may 
control  the  vertical  motions,  either  rising  to  the  surface 
when  necessary  or  submerging  the  vessel  to  any  desired 
depth.  For  all  practical  purposes,  water  may  be  treated  as 
if  it  were  incompressible  ;  at  any  depth  in  which  submarine 
vessels  would  work,  a  cubic  foot  of  sea-water  may  be  taken 
as  weighing  64  lbs.  The  weight  of  a  vessel  and  all  its 
contents  may  also  be  assumed  to  be  practically  a  constant 
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quantity  during  the  period  of  one  submersion,  and,  as 
already  explained,  the  displacement  of  the  vessel,  when  it 
floats  at  rest  at  any  depth,  must  always  equal  the  weight. 
To  produce  Tertical  motions  in  such  a  vessel,  it  is  there- 
fore necessary  to  give  the  operator  the  power  of  slightly 
varying  the  displacement.  If  he  can  virtuidly  decrease  the 
volume  of  displacement,  below  that  corresponding  to  the 
total  weight,  the  vessel  must  sink ;  but  if,  when  the  desired 
depth  is  reached,  he  can  gradually  restore  the  displacement 
to  equality  with  the  weight,  no  further  sinking  will  take 
place,  nor  will  the  vessel  have  any  tendency  to  rise.  Before 
she  can  rise,  the  volume  of  water  displaced  must  by  some 
means  be  made  to  exceed  that  corresponding  to  the  weight ; 
directly  that  condition  is  fulfilled,  the  vessel  begins  to  rise. 
A  very  simple  arrangement  suffices  to  give  the  operator 
the  necessary  control.  For  instance,  conceive  that  a  small 
cavity  is  formed  in  the  bottom  of  the  vessel,  and  that,  when 
this  cavity  is  about  half  full  of  water,  the  total  displacement 
of  the  vessel,  when  entirely  submerged,  just  corresponds  to 
the  total  weight.  The  other  half  of  the  cavity  may  be  then 
kept  filled  with  compressed  air,  which  is  in  communication 
with  an  air  chamber  in  the  interior  of  the  vessel.  The  air 
in  the  air  chamber  would  be  compressed  sufficiently  to  have 
a  considerable  excess  of  pressure  over  that  corresponding  to 
the  maximum  depth  of  immersion  at  which  the  vessel  is  to  be 
employed.  When  the  compressed  air  is  withdrawn  from  the 
upper  half  of  the  cavity,  by  an  apparatus  worked  within 
the  vessel,  the  water  rises  into  the  vacated  space,  the 
volume  of  displacement  becomes  decreased  by  that  space, 
and  is  therefore  less  than  will  balance  the  weight ;  as  a 
result,  the  vessel  sinks.  The  desired  depth  being  reached, 
compressed  air  stored  within  the  vessel  may  be  made  use  of 
to  force  the  water  once  more  from  the  upper  half  of  the 
cavity,  thus  restoring  equality  between  the  weight  and 
displacement;  the  vessel  then  remains  at  that  depth. 
Lastly,  when  it  is  required  to  rise,  by  means  of  compressed 
air  the   water   is  wholly  expelled   from   the   cavity ;    the 
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displacement  then  exceeds  the  weight,  and  consequently 
the  vessel  rises.  Other  agencies  may  be  employed  to  effect 
these  results ;  but  the  principle  is  the  same  for  all — the 
operator  must  have  the  power  of  virtually  increasing  or 
decreasing  the  volume  of  displacement. 

Ships  founder  when  the  entry  of  water  into  the  interior 
causes  a  serious  and  fatal  loss  of  floating  power.  There  are 
two  cases  requiring  notice.  The  first,  and  less  common, 
where  the  bottom  of  the  ship  remains  intact,  but  the  sea 
breaks  over  and  "  swamps  "  the  vessel.  The  second,  that  in 
which  the  bottom  is  damaged  or  fractured,  and  water  can 
enter  the  interior,  remaining  in  free  communication  with  the 
water  outside.  Damage  to  the  under-water  portion  of  the 
skins  of  ships  is  by  far  the  most  fruitful  source  of  disaster ; 
but  many  ships  founder  in  consequence  of  being  swamped, 
seas  breaking  over  them,  and  finding  a  passage  down 
through  the  hatchways  into  the  hold. 

The  older  sailing  brigs  of  the  Royal  Navy  are  believed 
by  many  competent  authorities  to  have  been  specially 
exposed  to  this  danger.  Very  many  of  them  were  lost  at 
sea ;  and  their  loss  was  believed  to  have  resulted  from  the 
lowness  of  their  freeboard,  the  height  of  their  bulwarks, 
and  the  insufficiency  of  the  "  freeing  scuttles  "  in  the  top- 
sides  to  clear  rapidly  the  large  masses  of  water  which 
lodged  on  the  decks.  In  consequence,  water  accumulated, 
passed  into  the  interior,  and  swamped  the  ships.  The  case 
of  the  steam-ship  London  furnishes  another  illustration. 
She  is  said  to  have  been  lost  in  consequence  of  a  very  heavy 
sea  having  swept  away  the  covering  of  the  engine  hatchway, 
and  left  open  a  large  aperture,  down  through  which  the 
water  poured,  putting  out  the  fires,  and  leaving  the  ship  a 
log  on  the  water.  Other  seas  washing  over  the  unfortunate 
vessel  completed  the  disaster,  and  she  gradually  sank. 
The  United  States  monitor  Weehawhen  also  appears  to  have 
been  lost  in  this  manner.  While  forming  part  of  the  block- 
ading squadron,  and  lying  at  anchor  off  Charleston  with  her 
hatchway  forward  uncovered,  the  weather  being  compara- 
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tively  fine,  a  sea  broke  on  the  deck,  poured  down  the  open 
hatchway,  and  caused  the  vessel  to  sink  rapidly — it  is  said 
in  three  minutes — her  extreme  lowness  of  freeboard  and 
small  reserve  of  buoyancy  conducing  to  this  eiid.  Still 
another,  and  slightly  different,  case  in  point  may  be  found 
amongst  the  vessels  engaged  in  the  timber  trade.  It  has 
been  customary  to  load  these  ships  very  deeply,  and  often  to 
carry  large  deck  cargoes ;  thus  interfering  with  the  efficient 
working  of  the  ships.  Meeting  with  heavy  weather,  and 
being  only  partially  imder  control  on  account  of  the  deck 
cargoes,  these  vessels  frequently  ship  large  quantities  of 
water,  becoming  "  water-logged,"  and  utterly  unmanageable, 
even  if  they  do  not  sink. 

The  condition  of  a  water-logged  ship  naturally  leads  to 
the  remai'k,  that  in  any  ship  of  which  the  outer  skin  remains 
intact,  the  maximum  quantity  of  water  that  can  enter  the 
interior  may  or  may  not  suffice  to  sink  her,  according  as  it 
is  greater  or  less  in  weight  than  the  reserve  of  buoyancy 
which  the  ship  possesses.  The  maximum  quaiitity  of  water 
that  can  enter  the  interior  is  determined  by  the  uno^eujfisd 
space :  for  to  space  which  is  already  occupied  by  any  sub- 
stances— cargo,  coals,  engines,  &c. — the  water  can  obviously 
find  no  access.  If  the  cargo  be,  like  timber,  very  light, 
occupying  a  very  large  portion  of  the  internal  space,  then  it 
may  happen  that  the  total  volume  of  the  space  unoccupied 
is  less  than  that  of  the  reserve  of  buoyancy,  and  the  ship 
remains  afloat ;  but  this  is  not  the  common  case,  and  if  a 
vessel  becomes  swamped,  and  the  sea  finds  access  into  all 
parts  of  the  interior  through  the  hatehways,  she  will  most 
probably  founder.  Properly  constructed  and  well-laden 
vessels  are  not,  however,  likely  to  founder  in  this  fashion. 
Their  hatehways  and  openings  in  the  decks  are  carefully 
secured,  and  protected  by  high  coamings  and  covers ;  while 
the  interior  is  so  subdivided  into  compartments,  especially 
in  iron  ships,  that,  if  a  sea  breaks  on  board,  and  finds  its 
way  down  a  hateh,  it  does  not  gain  free  access  from  the  space 
thus  entered  to  all  other  parts  of  the  interior.     Any  amount 
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of  free  water,  however,  which  passes  thus  into  a  ship  must 
considerably  affect  her  behaviour  in  a  sea-way.  Hereafter 
the  matter  will  be  considered  more  folly,  and  for  the  present 
it  will  suflBce  to  say  that,  when  a  ship  is  rolling,  the  wash 
of  water  in  her  hold  hom  side  to  side  may  so  increase  the 
amplitude  of  her  oscillations  as  to  jeopardise  her  safety, 
making  her  liable  either  to  capsize,  to  labour  heavily  and 
ship  more  water,  or  to  sustain  other  injuries. 

Turning  next  to  the  case  of  the  ship  of  which  the  skin 
is  penetrated  below  water,  it  is  needless  to  cite  examples 
of  the  possibly  serious  nature  of  such  an  accident.  Very 
many  illustrations  will  at  once  occur  to  the  mind  of  every 


FIG  lO. 


J^inJ^ck^ a c _. _ /k 


W 


Lowirlieele 


^ 


^■ 


4: 


.!«.. 


reader ;  this  being  a  very  common  source  of  loss  now  that 
iron  is  the  material  generally  used  in  building  merchant 
ships.  The  causes  of  the  under-water  damage  may  be 
various — such  as  accidental  collision,  local  wear  and  tear, 
grounding,  ramming,  torpedo  explosions,  &c. — but  in  all 
cases  water  can  enter  the  ship,  and  this  water  remains  in 
free  communication  with  the  water  outside.  So  long  as  that 
communication  is  maintained,  water  will  continue  to  pass 
into  the  ship  until  either  it  can  find  access  to  no  further 
space  or  has  entered  in  such  quantities  as  to  exceed  the 
reserve  of  buoyancy,  when  the  vessel  sinks. 

A  simple  illustration  will  render  these  statements  clear. 
Take  a  box-shaped  vessel,  such  as  in  Figs.  10  and  11,  and 
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snppose  a  ho)©  to  be  broken  through  the  skin  under  water. 
The  water  at  once  passes  into  the  interior  in  quantities 
depending  npon  the  area  of  the  hole  and  the  depth  it  is 
below  the  water-lerel.  A  very  simple  rule  expresses  the 
initial  rate  of  inflow. 
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Let  A  =  area  of  the  hole  (in  square  feet). 
„     d  =  the  depth  below  water  in  feet  (taken  about  the 
centre   of  the   hole  will   be    near  enough   for 
practical  purposes). 

Then,  if »  =  velocity  of  inflow  of  the  water  in  feet   per 
second, 

v'  =  64d  (approximately) ;  and  «  =  8  v^; 
so  that,  immediately  after  an  accident,  the  volume  of  water 
passing  into  the  Tessel  in  each  second 

=  8  V^  X  A  (cubic  feet). 
Suppose,  for  example,  the  hole  is  2  square  feet  in  area, 
and  has  its  centre  12  feet  under  water : 

t»  =  8  \/l^  =  27J  feet  per  second. 
Water  flowing  in  per  second  =  27f  x  2  =  55^  cubic  feet. 
If  the  vessel  floats  in  sea-water. 

Tons  of  water  flowing  in  per  second  =  55J  -f-  35  =  1-58. 
Similarly,  for  any  other  depth  or  area  of  hole  in  the 
c  2 
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bottom  of  a  ship,  this  rule  will  enable  the  rate  of  inflow  to 
be  detennined  very  nearly. 

Reverting  to  Fig.  10,  it  is  obvious  that,  if  the  water  can 
find  free  access  to  every  part  of  the  interior — which  would 
be  true  if  there  were  no  partitions  forming  watertight  com- 
partments— the  ship  must  sink :  unless  the  power  of  her 
pumps  is  sufficient  to  overcome  the  leak ;  or  some  means  is 
devised  for  checking  the  inflow,  by  employing  a  sail,  or  a 
mat,  or  some  other  "leak-stopper" ;  or  the  total  unoccupied 
space  in  the  interior  is  less  than  the  reserve  of  buoyancy, 
a  condition  not  commonly  fulfilled.  Very  little  reflection 
will  show  that  it  is  hopeless  to  look  alone  to  the  pumps 
to  overcome  leaks  that  may  be  caused  by  collision,  ram 
attacks,  or  torpedo  explosions ;  the  area  of  the  holes  broken 
in  the  skin  admitting  quantities  of  water  far  too  large  to  be 
thus  dealt  with.  Hence  attention  is  directed  to  two  other 
means  of  safety :  the  first,  minute  watertight  subdivision  of 
the  interior  of  the  ship,  to  limit  the  space  to  which  water 
can  find  access ;  the  second,  the  employment  of  leak- 
stoppers,  which  can  be  hauled  over  the  damaged  part,  and 
made  to  stop  or  greatly  reduce  the  rate  of  inflow.  This 
latter  is  a  very  old  remedy.  Captain  Cook  having  used  a 
sail  as  a  leak- stopper  during  his  voyages,  and  many  ships 
having  been  saved  by  similar  means.  It  has  acquired  renewed 
importance  of  late,  and  various  inventors  have  proposed 
modifications  of  the  original  plan,  but  all  these  are  based 
upon  the  old  principle  of  "  stopping  "  the  leak.  Such  devices 
are  not  embodied  in  the  structure  or  design  of  the  ship, 
but  form  simply  part  of  her  equipment ;  whereas  watertight 
subdivision  is  a  prominent  feature  in  the  structure  of  a 
properly  constructed  modem  iron  ship.  It  will  be  well, 
therefore,  to  sketch  some  of  its  leading  principles.  In  doing 
80,  we  shall,  for  the  sake  of  simplicity,  make  use  of  box- 
shaped  vessels  for  purposes  of  illustration ;  but  the  con- 
clusions arrived  at  will,  in  principle,  be  equally  applicable 
to  less  simple  forms,  like  those  of  ships. 
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There  are  three  main  systems  of  watertight  subdivision : 
(1)  by  vertical  athwartship  bulkheads ;  (2)  by  longitudinal 
bulkheads ;  (3)  by  horizontal  decks  or  platforms.  Besides 
these  there  is  the  very  important  feature  of  construction 
known  as  the  "  double  bottom,"  the  uses  of  which  will  be 
described  further  on.  In  Figs.  10  and  11  the  hole  in  the 
skin,  admitting  water  to  the  hold,  is  supposed  to  lie  between 
two  transverse  bulkheads  (marked  ah  and  ce)  which  cross 
the  ship  and  form  watertight  partitions  rising  to  some 
height  above  the  load-draught  line  (WL)  and  terminating 
at  a  deck  marked  '*  Main  Deck."  The  great  use  of  these 
bulkheads  will  be  seen  if  attention  is  turned  to  Fig.  11,  which 
represents  the  condition  of  the  box-shaped  vessel  aft^r  her 
side  has  been  broken  through.  The  vessel  has  sunk  deeper 
in  the  water  than  when  her  side  was  intact ;  and  it  is  easy 
to  determine  what  the  increase  in  draught  has  been  when 
one  knows  the  volume  {fgeh^  in  Fig.  10)  of  the  damaged 
compartment,  as  well  as  the  volume  in  that  space  which  is 
occupied  by  cargo,  or  machinery,  or  other  substances.  To 
simplify  matters,  suppose  this  compartment  to  be  empty ; 
and  assume  the  length  oc  to  be  one-seventh  of  the  total 
length  AA :  then  the  volume  fgeh  will  be  about  one- 
seventh  of  the  total  displacement ;  and  when  this  compart- 
ment is  bilged  and  filled  with  water  up  to  the  height  of  the 
original  \>ater-line  WL,  one-seventh  of  the  original  buoyancy 
will  be  lost.  In  fact,  the  compartment  between  the  bulk- 
heads no  longer  displaces  water ;  in  it  the  water-level  will 
stand  at  the  height  of  the  surface  of  the  surrounding  water ; 
and  since  the  weight  of  the  ship  remains  constant,  the  lost 
buoyancy  must  be  supplied  by  the  parts  of  the  ship  lying 
before  and  abaft  the  damaged  compartment.  For  this 
reason  we  must  have — 

5  original  water-line  area  x  increase  in  draught 
=  I  X  displacement 
=  I  X  original  water-line  area  X  original  draught. 

Increase  in  draught  =  \  original  draught. 
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This  very  simple  example  has  been  worked  out  in  detail 
because  it  illustrates  the  general  case  for  ship-shape  forms. 
The  steps  in  any  case  are : — 

(1)  The  estimate  of  loss  of  buoyancy  due  to  water 
entering  a  compartment ;  this  loss  being  equal  to  the  part 
of  the  original  displacement  which  the  damaged  compart- 
ment contributed,  less  the  volume  in  the  compartment 
occupied  by  cargo,  &c. 

(2)  The  estimate  of  the  increased  draught  which  would 
enable  the  still  buoyant  portions  of  the  vessel  to  restore  the 
lost  buoyancy  if  the  entry  of  water  were  confined  to  the 
damaged  compartment. 

And  to  these,  in  practice,  must  be  added — 

(3)  The  change  of  trim  (if  any)  resulting  &om  filling  the 
damaged  compartment. 

Reverting  to  Figs.  10  and  11,  it  will  be  obvious  that,  if 
the  transverse  bulkheads  oi  and  ce  did  not  rise  above  the 
original  water-line  WL,  more  than  one-sixth  of  the  original 
draught,  they  would  be  useless  as  watertight  partitions; 
because,  when  the  compartment  was  bilged,  their  tops  would 
be  under  water  before  the  increase  of  draught  had  sufficed 
to  restore  the  lost  buoyancy.  And  when  their  tops  are  imder 
water  (unless  the  deck  at  which  the  bulkheads  end  forms  a 
watertight  cover  to  the  compartment),  the  water  is  free  to 
pass  over  the  tops,  or  through  hatchways  and  openings  in 
the  deck,  into  the  adjacent  compartments,  thus  depriving 
them  also  of  buoyancy,  and  reducing  the  ship  to  a  condition 
but  little  better  than  if  she  had  no  watertight  partitions  in 
the  hold.  Fig.  12  illustrates  this  serious  defect.  The  main 
deck  at  which  the  transverse  bulkheads  cih  and  ce  end  is 
lower  than  in  Figs.  10  and  11,  all  other  conditions  remaining 
unchanged ;  and  consequently,  when  the  compartment  is 
bilged,  the  water  ran  pour  over  the  tops  of  the  bulkheads 
into  the  spaces  before  and  abaft. 

Hence  this  practical  deduction.  Watertight  transverse 
bulkheads  can  only  be  efficient  safeguards  against  foundering 
when  care  is  taken  to  proportion  the  heights  of  their  tops 
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above  the  normal  load-line  to  the  TolumeB  of  the  compart- 
ments; or  else  to  make  special  provisionB  for  preventing 
water  from  passing  into  adjacent  compartments  by  means 
of  watertight  plating  on  the  decks  at  which  the  bulkheads 
end,  in  association  with  watertight  covers  or  casings  to  all 
hatchways  and  openings  in  the  decks.  Unfortunately,  in 
iron  merchant  ships,  auything  approaching  to  efficient  sub- 
division by  transverse  bulkheads  is  commonly,  wanting; 
and  in  some  cases,  where  the  number  of  the  compartments 
has  been  sufficiently  great  to  secure  a  fair  degree  of  safety, 
the  heights  to  which  the  bulkheads  have  been  carried  have 
FIQ 12. 


not  been  sufficient  to  ensure  efficiency  when  the  vessels  were 
fully  laden. 

A  vessel  would  ordinarily  be  considered  well  subdivided 
if  she  would  keep  afloat  with  any  two  compartments  filled 
simultaneously.  This  was  the  recommendation  of  the 
council  of  the  Institution  of  Naval  Architects  in  1867; 
bat  in  the  vessels  of  the  Eoyal  Navy  it  is  not  unusual 
to  find  the  subdivision  so  minute  that  from  three  to  six  of 
the  largest  compartments  may  be  simultaneously  filled, 
without  bringing  the  tops  of  the  bulkheads  under  water, 
or  allowing  water  to  pass  into  compartments  adjacent  to 
those  fiUed. 

The  midship  compartments  of  a  ship  are  usually  the 
largest,  and  claim  most  attention;  but  those  near  the 
extremities   are   also    important,   because,    although   their 
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volume  may  be  small,  when  they  are  filled  they  cause  a 
considerable  change  of  trim.  Reverting  once  more  to  our 
box-shaped  vessel  in  Fig.  10,  instead  of  supposing  an  empty 
midship  compartment  equal  to  one-seventh  of  the  length  to 
be  filled,  and  to  cause  a  loss  of  one-seventh  of  the  buoyancy, 
let  it  be  supposed  that  a  compartment  only  half  as  long  and 
half  as  large  at  one  end  (shown  by  mkLk  in  the  diagram) 
is  filled.  The  increase  in  the  mean  draught  due  to  this 
accident  would  be  only  one-thirteenth  of  the  original  draught, 
but  the  trim  would  be  altered  very  considerably  (as  shown  in 
Fig.  13) ;  and  the  top  of  the  bulkhead  hhmy  although  as 
high  as  those  amidships,  would  be  put  under  water  by  the 


FIG  13. 


l^^-l 


change  of  trim.  Consequently,  unless  the  main  deck  is  made 
watertight  as  far  aft  as  the  bulkhead  Am,  this  very  small 
compartment  forward  might,  from  its  influence  on  the  trim, 
^be  large  enough  to  sink  the  ship;  for  when  it  is  filled, 
if  the  deck  does  not  form  a  watertight  top  to  it,  the  water 
will  pass  over  (at  h)  into  the  next  compartment,  the  bow 
will  gradually  settle  deeper  and  deeper,  and  at  last  the 
vessel  will  go  down  by  the  head.  It  will  be  in  the  recol- 
lection of  many  readers  that  ships  which  founder  very 
commonly  settle  down  finally  either  by  the  head  or  the 
stem,  and  the  foregoing  simple  illustration  will  furnish  an 
explanation  of  some  such  occurrences. 
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It  should  be  added  that  the  assumptions  made  in  the 
box-shaped  vessel  are  fairly  representative  of  actual  ships* 
For  example,  in  her  Majesty's  ship  Devastation,  if  one  of  the 
la]^e  compartments  amidships  were  filled,  the  ship  would 
have  an  increased  draught  of  about  15  or  16  inches,  and  her 
trim  would  be  practically  unaltered.  If  the  aftermost  com- 
partments were  filled,  so  as  to  give  the  ship  an  increase  of  7 
or  8  inches  in  the  mean  draught,  the. trim  would  be  changed 
from  4i^  to  5  feef,  and  the  tops  of  the  bulkheads  bounding 
these  extreme  compartments  would  be  put  under  water.  No 
evil  would  result,  however,  for  these  bulkheads  are  ended  at 
a  watertight  iron  deck. 

Passing  from  transverse  to  longitudinal  bulkheads,  the 
same  principles  apply.  The  heights  to  which  the  bulkheads 
are  carried  should  be  carefully  proportioned  to  the  sizes  of  the 
compartments  of  which  the  bulkheads  form  boundaries ;  and 
watertight  decks  are  no  less  useful  as  tops  to  such  compart- 
ments when  the  bulkheads  cannot  be  carried  high  enough 
to  secure  the  restoration  of  the  lost  buoyancy.  In  this  case, 
however,  the  longitudinal  partitions,  supposing  only  one 
side  of  the  ship  to  be  damaged,  destroy  the  symmetry  of 
the  true  "  displacement,"  and  the  result  is  that  the  vessel 
heels  over  towards  the  damaged  side.  Transverse  inclina- 
tion takes  place  without  change  of  trim  if  the  damaged 
compartment  is  amidships;  but  if  it  be  near  the  bow  or 
stem,  both  change  of  trim  and  transverse  inclination  will 
result  from  the  same  accident.  It  is  needless  to  do  more 
than  deal  with  the  latter,  as  the  influence  of  change  of  trim 
has  already  been  described ;  and  in  this  case  the  box-shaped 
vessel  will  once  more  furnish  a  simple  illustration  of  what 
may  happen  m  ships. 

In  Fig.  14,  suppose  the  large  midship  compartment 
bounded  by  transverse  bulkheads,  ah  and  ee  (in  profile 
view),  to  be  subdivided  by  longitudinal  bulkheads,  pq,  rs 
(in  section) ;  in  the  positions  shown,  these  longitudinal  bulk- 
heads fairly  represent  the  coal-bunker  bulkheads  of  an  iron- 
clad, being  rather  less  than  one-fourth  of  the  breadth  of  the 
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ship  within  the  side.  The  "  wing  compartment "  lying  outside 
the  bulkhead,  marked  r»  in  section,  and  rr  in  plan,  Fig.  14, 
may  he  supposed  to  contain  thiee^ixteenths  of  the  total 
Tolnme  of  the  compartment  between  the  transverse  bulkheads 
ah  and  ce ;  reckoning  ap  to  the  load-line  W  L,  this  will  give, 
Lobs  of  buoyancy  when  wingj 

compartment    is    filledl  =  ^^  x  |  total  displacement. 

with  water    .      .      .      .) 

=  yfs  total  displacement. 

Increase  in  mean  draught  =  -j^^  original  draught. 

Bat   this  will  be   accompanied  by  a   heel   towards  the 
damaged  side,  as  indicated  in  the  lower  section  (Fig.  14), 
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amounting,  in  the  example  chosen,  to  the  immersion  of  the 
damaged  side  to  about  four  times  the  extent  of  the  increased 
mean  draught  due  to  loss  of  buoyancy.  Hence  it  is  clear 
that,  in  arranging  longitudinal  bulkheads,  care  must  be 
taken  either  to  carry  them  high  enough  to  provide  against 
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heeling  or  else  to  have  watertight  plating  forming  a  top  to 
the  compartments. 

Lastly,  attention  must  be  directed  to  the  usefulness  of 
horizontal  watertight  decks  or  platforms  in  preventing  loss 
of  buoyancy.     It  is  unnecessary  to  repeat  what  has  been  said 

FIQ.15. 


m 
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It: 


respecting  decks  lying  above  the  normal  load-draught  line, 
and  forming  tops  to  spaces  inclosed  by  longitudinal  or  trans- 
verse bulkheads ;  consequently  attention  will  be  confined  to 


FiQ  ie. 


the  cases  where  a  deck  or  platform  lies  below  the  load-line, 
in  such  cases  either  one  of  two  accidents  may  be  assumed 
to  have  happened :  viz.  the  side  has  been  broken  through 
hdow  the  platform,  or  else  dhove  it.  Turning  to  Fig.  15, 
let  it  be  supposed  that  the  large  midship  compartment 
bounded   by   the   transverse   bulkheads  ah  and   ce   has   a 
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watertight  platfonn  pq  worked  in  it,  at  mid-draught.  The 
volume  of  this  compartment  up  to  the  load-line  being  one- 
seventh  of  the  displacement,  the  buoyancy  contributed  by 
either  of  the  parts  into  which  it  is  divided  by  the  platform 
will  be  one-fourteenth  the  displacement.  If  the  side  is 
broken  through  below  the  platform,  the  whole  of  the  water- 
line  area  WL  contributes  buovancy  when  the  vessel  is 
immersed  more  deeply;  therefore,  if  the  whole  space  is 
considered  accessible  to  water  (as  shown  in  Fig.  16) — 

Increase  in  mean  drau&:ht  due  to  |        i       •  •     i  ;i        i^x 

^  \  =  ^  origmal  draught. 

bligmg  compartment  below  pq] 

But  if  the  side  is  broken  through  above  the  platform,  only 
f  the  water-line  area  contributes  buoyancy ;  therefore  (as 
shown  in  Fig.  17) — 


Increase  in  mean  draught  due  to 
bilging  compartment  above  pq 


=  ^  original  draught. 


FIG  17. 
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This  contrast  shows  how  important  a  thing  it  is  to  take 
all  possible  measures  to  maintain  the  buoyancy  of  the  ship  at 
the  load-line ;  for  any  decrease  of  that  buoyancy  not  merely 
aflTects  the  draught  of  water,  but  also  decreases  the  stability 
of  a  ship,  as  will  be  shown  hereafter.  It  may  be  added  that, 
in  all  cases  where  openings  have  to  be  made  in  a  water- 
tight deck  or  platform,  either  watertight  covers  must  be 
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fitted  to  the  openings  or  watertight  trunks,  carried  to  a 
safficient  height  above  the  load-line,  must  be  built  around 
them. 

All   the  methods  of  watertight  subdivision    illustrated 
above  are  associated  in  well-built  ships ;  and  the  minuteness 
of  subdivision  attained  when  care  is  taken  is  well  exemplified 
in   Figs.  18-25,  which  represent  the  arrangements  of  the 
watertight  partitions  in  a  modem  ironclad  of  the  Koyal 
Navy.     Such  vessels  have  the  great  safeguard  of  a  "  double 
bottom,"  formed  by  a   watertight   inner   skin  fitted  some 
distance  within  the  outer  skin.     This  inner  skin  extends 
from  two-thirds  to  three-fourths  of  the  total  length  of  the 
ship ;  its  terminations  are  marked  c,  c  in  the  profile  view 
(Fig.   18)  and  the  "plan   of  double  bottom"   (Fig.  20). 
From  the  keel  up  to  the  turn  of  the   bilge,  the  inner 
skin  is  worked  about   3   or  4  feet  within   the  outer;   as 
shown    in   the    sections   (Figs.    21-25),   from    the   points 
a  downwards.     At  a  there  is  a   watertight  longitudinal 
partition  (or  frame),  and  the  keel  is  also  made  watertight. 
Above  the  turn  of  the  bilge,  the  inner  skin  {w^  w  in  the 
sections)  is  usually  worked  vertically  up  to  the  height  of 
the  main  deck,  thus  inclosing  "  wing-spaces  "  in  the  region 
of  the  water-line,  or,  as  it  is  termed,  "  between  wind  and 
water."     The  inner  skin  is  here  often  8  or  10  feet  within 
the    outer.      In   addition  to  the    longitudinal    partitions 
at  the  bilges  (a,  in  sections)  and  at  the  keel,  the  double 
bottom   is   subdivided  by  numerous  watertight  transverse 
partitions  (shown  by  /,  /  in  Fig.  20),  about  20  feet  apart ; 
compartments,  of  very  moderate  size,  being  thus  formed 
between  the  two  skins. 

Within  the  limits  of  the  double  bottom,  the  hold-space 
is  subdivided  by  means  of  transverse  bulkheads  (6,  6,  Fig. 
18),  and  longitudinal  bulkheads  (Z,  Z,  Fig.  19).  Before  and 
abaft  the  double  bottom  there  is  only  a  single  skin,  and 
the  subdivision  is  effected  by  means  of  transverse  bulk- 
heads and  horizontal  platforms  (p,  ^,  Fig.  18).  Although 
there  is  no  inner  skin  at  the  extremities,  the  subdivision 
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there  is  very  minute,  and  the  compartments  are  small, 
owing  to  the  fineness  of  form  of  the  bow  and  stem.  The 
"plan  of  hold  "  in  Fig.  19,  taken  in  connection  with  the  profile 
(Fig.  18),  will  give  a  very  complete  view  of  the  subdivision  of 
the  hold-space.  Besides  the  main  partitions  already  alluded 
to,  it  will  be  observed  that,  in  many  cases,  partitions  required 
primarily  for  purposes  of  stowage  or  convenience  are  made 
watertight  in  order  to  make  the  subdivision  more  minute. 
Examples  will  be  found  in  the  coal-bunker  bulkheads,  the 
chain-lockers  (immediately  before  the  boiler-rooms),  the 
magazines  and  shell-rooms,  and  the  shaft- passages.  Slight 
increase  of  cost  and  workmanship,  with  a  very  small  increase 
in  weight,  are  thus  made  to  contribute  to  much  greater 
safety.  It  need  only  be  added  that  the  principal  bulkheads 
either  run  up  to  the  main  deck,  situated  some  5  or  6  feet 
above  water,  or  are  ended  at  a  watertight  platform. 

The  spaces  occupied  by  the  machinery  almost  necessarily 
form  large  compartments  amidships;  but  in  recent  ships 
the  stoke-holds  have  each  been  divided  into  two  by  means 
of  a  middle-line  bulkhead  (ZZ,  in  Fig.  19) ;  and  in  vessels 
propelled  by  twin-screws,  as  is  the  case  in  our  example,  the 
engine-room  compartment  is  similarly  halved.  The  great 
advantages  resulting  from  this  middle-line  division  are  too 
obvious  to  need  comment,  especially  in  ships  which  are 
mainly  or  wholly  dependent  upon  steam  power  for  propulsion. 
Very  great  advances  have  been  made  in  the  minuteness 
of  the  watertight  subdivision  in  recent  ironclads,  and  it  is 
now  not  imcommon  to  find  from  sixty  to  ninety  compart- 
ments in  the  hold-space  alone,  besides  thirty  or  forty  com- 
partments in  the  double  bottom. 

The  Devastation  may  be  taken  as  a  good  example  of  a 
modem  war-ship,  although  she  has  no  middle-line  bulkhead 
in  her  engine  and  boiler  rooms.*     Her  double  bottom  and 


*  Drawings  and  full    details  of  the  Committee  on  Designs  for  Ships 

the  watertight  subdivision  of  this  of  War  in   1871.     llie  following 

ship,  and  of  other  classes  of  iron-  table   gives  the   number  of   com- 

cladfl,  will  be  found  in  the  report  of  partments  in  several  of  the  most 
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wings  are  divided  into  thirty-six  compartments ;  the  hold- 
space  into  sixty-eight  compartments.  If  the  three  largest 
compartments  of  the  hold  (viz.  the  engine  and  boiler  rooms) 
are  filled,  the  vessel  will  only  be  immersed  about  3|  feet. 
If  she  had  a  middle-line  bulkhead,  like  the  later  ships,  each 
of  these  large  compartments  would  be  halved,  and  it  would 
be  most  improbable  that  both  halves  of  any  compartment 


importantshipeof  the  Royal  Navy;      Transactions  of  the  Institution  of 
it    appears   in   vol.   xvii.    of  the      Naval  Architects. 


Ironclad  Ships  of  Royal  Nary. 


Watertight  Compartments. 


Classes. 


Largest 
early  types 

Smaller   ( 
early  types  ( 

Largest 

recent 
masted 

types 

Smaller    i 
masted  types) 

Belted      K 
ships       ( 

Mastless 

or  lightly 

ri^ed 

Rams 


Monitors 


Names. 


Warrior    . 
Achilles 
Minotaur  . 

Hector  . 
Resistance  . 

Monarch 
Hercules     . 
Sultan 
Alexandra . 
Temeraire  . 

Vanguard 
THumph    . 

Shannon    . 
Ndson 

Devastation 
Dreadnought 
Inflexible   . 

Hotspur 
Rupert 

Gorgon 
Olatton 


In  Hold- 
space. 


35 
40 
40 

41 

47 

33 
21 
27 
41 

44 

23 
26 

44 
83 

68 
61 
89 

26 
40 

19 
37 


In  Double 

Bottom  and 

Wings. 


57 
66 
49 

52 
45 

40 
40 
40 
74 
40 

40 
40 

32 
16 

36 
40 
46 

32 
40 

20 
60 


Total. 


92 

106 

89 

93 
92 

73 

61 

67 

115 

84 

63 
66 

76 
99 

104 
101 
135 

58 
80 

39 
97 
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would  be  filled  simultaneously.  The  total  number  of  com- 
partments in  the  hold  would  then  be  seventy-one,  and  filling 
any  six  compartments  amidships  would  immerse  the  vessel 
as  before.  The  largest  compartment  in  the  double  bottom 
holds  only  about  50  tons  of  water,  corresponding  to  an  in- 
creased immersion  of  only  \\  inch ;  and  the  whole  double- 
bottom  space  will  carry  1000  tons  of  water  ballast,  the 
additional  immersion  being  28  inches. 

The  lower  part  of  any  ship  is  most  liable  to  injury  by 
touching  the  ground,  the  thin  bottoms  of  iron  ships  being 
peculiarly  liable  to  serious  damage.  If  there  be  an  inner 
skin,  however,  and  the  damage  does  not  extend  to  it, 
fracture  of  the  outer  skin  may  be  very  extensive,  but  no 
water  will  enter  the  hold.  Very  many  cases  are  on  record, 
showing  the  great  usefulness  of  the  inner  skin ;  two  only 
will  be  mentioned.  The  first  is  that  of  the  Great  Eastern, 
which  has  a  complete  double  bottom.  Off  the  American 
coast  the  vessel  ran  ashore,  and  tore  a  hole  80  feet  long 
in  her  outer  skin,  but  the  inner  skin  remained  intact, 
and  no  water  entered  the  hold.  The  second  is  that  of 
her  Majesty's  ship  Agincourt,  which  ran  on  the  Pearl  Rock 
at  Gibraltar ;  this  ship  has  a  partial  double  bottom,  and 
fortunately  grounded  at  a  part  where  the  inner  skin  existed, 
so  that  no  serious  consequences  followed. 

The  double  bottom  from  the  bilges  down  is  also  very 
useful  as  a  space  for  water  ballast.  Great  advantage  results 
from  the  arrangement,  especially  in  merchant  ships,  the 
delays  and  expenses  consequent  on  the  use  of  rubble  ballast 
being  avoided ;  partial  double  bottoms,  or  water  ballast 
tanks,  are  now  frequently  fitted. 

The  parts  of  the  inner  bottom  situated  above  the  bilges 
(see  sections  in  Figs.  21-25)  are  often  termed  "  wing-passage 
bulkheads,"  and  are  so  far  inside  the  outer  skin  that  the 
chances  of  their  being  broken  through  are  much  lessened. 
In  a  war-ship  it  is  at  this  part  that  the  greatest  damage 
is  likely  to  be  done  by  ramming  or  torpedo  explosions ; 
and  the  best  known  remedy  against  either  is  undoubtedly 
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internal  subdivision.  To  attempt  to  keep  out  either  a  ram 
or  a  torpedo  attack  is  hopeless ;  the  outer  skin  is  certain 
to  be  broken  through,  and  possibly  the  inner  also.  But 
whereas  a  grazing  blow  at  low  speed  would  suffice  to  tear  a 
large  hole  in  the  outer  skin,  only  the  direct  blow  of  a  ram 
moving  at  good  speed  would  be  likely  to  penetrate  the 
inner  skin  of  an  armoured  ship. 

An  illustration  of  the  usefulness  of  the  wing-passage 
bulkhead  against  ramming  or  collision  was  afforded  in  the 
accidental  collision  of  the  Minotaur  and  BeUerophon  ;  the 
outer  skin  of  the  BeUerophon  was  broken,  and  the  armour 
driven  in,  but  the  ship  remained  on  service  for  some  time 
before  the  repairs  were  completed.  Again,  when  the 
Hercules  and  Northumberland  came  into  collision,  a  very 
similar  advantage  resulted  from  the  existence  of  the  wing- 
passage  in  the  latter  ship.  In  the  case  of  the  Vanguard, 
although  the  vessel  was  lost,  the  existence  of  the  inner 
skin  was  an  immense  advantage  to  the  ship,  keeping  her 
afloat  for  seventy  minutes  after  the  collision,  whereas,  had 
there  been  no  inner  skin,  the  vessel  must  have  sunk  in  a 
very  few  minutes.  So  much  misapprehension  has  existed 
on  this  matter  that  it  may  be  well  to  adduce  a  few  facts 
in  support  of  the  foregoing  statement.  Fig.  26  shows  a 
cross-section  of  the  Vangu^ard,  with  the  bow  of  the  Iron 
Duke  in  the  position  which  it  probably  occupied  at  the  time 
of  the  collision.  It  will  be  noted  that,  although  the  armour 
was  driven  in,  and  the  armour  shelf  (a)  damaged,  the  inner 
skin  («)  was  not  pierced.  This  the  divers  asserted  after  care- 
ful examination,  and  there  is  conclusive  corroborative  evi- 
dence that  their  report  is  correct.  Evidence  given  before 
the  court-martial  proves  that  at  flrst  the  vessel  sank  at  the 
rate  of  only  8  inches  in  fifteen  minutes,  and  at  last  at  the 
rate  of  one  inch  per  minute;  this  maximimi  rate  of 
sinking  corresponds  to  a  total  inflow  of  only  27  tons  of 
water  per  minute,  which  would  have  been  admitted  by  an 
aperture  less  than  one  square  foot  in  area.  But  the  divers, 
after  measurement,  reported  that  the   hole   in  the  outer 
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skin  was  10  feet  in  depth,  varying  in  breadth  from  2  feet 
to  3  feet.  Assuming  the  area  to  have  been  20  square  feet 
(which  is  probably  less  than  the  truth),  the  initial  rate  of 
inflow  of  water  per  minute,  had  there  been  no  inner  skin. 


would  probably  have  been  at  least  1000  tons,  or  nearly 
fortyfold  what  it  actually  was  at  the  last.  It  seems  certain, 
therefore,  that  the  damage  to  the  armour  shelf,  and  other 
parts  of  the  ship,  admitted  into  the  hold  in  the  aggregate 
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no  more  water  than  a  hole  one  square  foot  in  area  in  the  skin 
of  an  ordinary  ship  with  no  double  bottom  would  have 
admitted,  notwithstanding  the  fact  that  the  Iron  Duke  struck 
the  Vanguard  a  blow  much  exceeding  in  force  that  delivered 
by  the  projectile  of  a  35-ton  gun  at  the  muzzle.  It  is  note- 
worthy also  (see  Fig.  26,  and  the  sections  in  Figs.  21-25) 
that  in  the  Vanguard  the  inner  skin  terminated  about 
4  feet  under  water,  whereas  in  most  of  her  Majesty's  ships 
it  is  carried  to  the  main  deck,  several  feet  above  water — a 
preferable  arrangement.  Even  her  loss  supplies,  therefore,  a 
most  striking  example  of  the  utility  of  watertight  subdivision, 
for  she  was  kept  afloat  more  than  an  hour  by  this  means, 
instead  of  foundering  in  a  very  few  minutes,  as  an  ordinary 
iron  ship  similarly  damaged  in  the  outer  skin  must  have 
done.  It  would  be  out  of  place  here  to  further  discuss  the 
circumstances  attending  the  disaster,  but  it  may  be  observed 
that  they  illustrate  the  necessity  for  taking  all  possible 
care  in  maintaining  the  integrity  of  bulkheads  and  other 
partitions  intended  to  be  watertight,  as  well  as  for  keeping 
in  thorough  working  order  the  doors  or  covers  fitted  to  any 
apertures  cut  in  bulkheads  or  platforms  for  ventilation  or 
for  convenient  access  to  compartments  in  the  hold. 

In  the  preceding  pages  considerable  use  has  been  made 
of  the  "  reserve  of  buoyancy  "  as  a  measure  of  the  com- 
parative safety  of  ships ;  and  this  measure  very  generally 
commends  itself  to  naval  architects  as  a  substitute  for 
linear  measurement  in  statements  of  the  "freeboard"  of 
ships.  Freeboard,  in  its  common  use,  means  the  height  of 
the  upper  deck  amidships  (at  the  side)  above  water,  and  is 
stated  in  feet  and  inches;  but  this  must  necessarily  be 
associated  in  some  way  with  the  size  of  the  ship.  The  old 
rule  for  freeboard,  commonly  known  as  "  Lloyd's  rule,"  was 
based  upon  the  "  depth  in  hold  "  of  ships,  and  may  there- 
fore be  taken  as  having  roughly  proportioned  the  relative 
Yolumes  of  the  in-water  and  out-of-water  parts  of  a  ship 
when  floating  in  still  water.    The  rule  was : — 

Freeboard  =  from  2  to  3  inches  per  foot  depth  in  hold. 


CHAP.  I.  THE  BUOYANCY  OF  SHIPS.  37 

In  1867  the  council  of  the  Institution  of  Naval  Architects 
took  up  this  question,  proposing  to  make  the  freeboard  of 
ships  mainly  dependent  on  the  beam.  Their  rule  was  as 
follows : — 

Freeboard  (in  feet)  =  one-eighth  the  beam,  with  the  addi- 
tion of  one-thirty-second  part  of  the 
beam,  for  every  beam  in  the  length 
of  the  ship,  above  five  beams. 

For  example,  a  ship  160  feet  long,  and  32  feet  beam,  is  jive 
beams  in  length ;  freeboard  =  J  x  32  =  4  feet.  If  she 
were  192  feet  in  length,  or  six  beams  (one  beam  in  excess  of 
the  five):  freeboard  =  Jx32+3^x32  =  5  feet.  If  she 
were  224  feet  long,  or  seven  beams:  freeboard  =  J  x  32 
+  ^  X  32  =  6  feet.     And  so  on. 

This  rule  obviously  fails  by  the  omission  of  any  reference 
to  the  d^th  of  the  ship ;  deep,  ncu'row  ships,  which  would 
require  exceptional  freeboard  in  consequence  of  their  bad 
proportions,  would  by  this  rule  gain  upon  better-pro- 
portioned vessels,  and  have  a  relatively  low  freeboard 
granted  to  them.  Moreover,  in  the  very  long  vessels  now 
commonly  employed,  say  with  a  length  ten  times  the  beam, 
the  allowance  for  the  additional  five  beams  would  be  pro- 
portionately very  great — in  fact,  the  freeboard  required  by 
the  rule  might  be  excessive.  On  the  whole,  therefore,  in 
spite  of  the  authority  on  which  the  proposed  rule  rests,  it 
is  not  surprising  that  it  has  never  come  into  general  use. 

In  connection  with  the  recent  legislation  for  the  safety  of 
merchant  shipping,  and  the  inquiry  of  the  Royal  Commis- 
sion upon  which  that  legislation  has  been  based,  tlie  question 
of  freeboard,  with  its  closely  allied  topic — load-draught — has 
been  much  discussed.  After  taking  the  evidence  of  many 
professional  men,  the  commission  came  to  the  conclusion 
that  no  general  rule  for  freeboard  and  draught  could,  with 
advantage,  be  laid  down.  Consequently  the  law  now  fixes 
no  minimum  of  freeboard,  but  requires  the  shipowner 
to  mark  upon  the  sides  of  the  ship  the  maximum  draught 
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which  he  proposes  not  to  exceed  in  loading  her  for  any 
voyage.  The  decision  as  to  ships  being  overladen  or 
not  now  rests  with  surveyors  appointed  by  the  Board  of 
Trade.  These  surveyors  have  the  power  of  detaining  ships 
considered  to  be  overladen ;  and  their  decision  is  subject  to 
revision  by  local  courts  of  survey. 

In  ships  of  war  the  freeboard  is  usually  governed  by 
considerations  of  the  height  at  which  guns  should  be  carried 
to  be  fought  efficiently,  rather  than  by  considerations  of 
safety  from  foundering.  These  considerations  of  fighting 
efficiency  generally  involve  the  adoption  of  a  height  of 
freeboard  much  in  excess  of  what  would  be  considered 
necessary  in  merchant  ships.  Even  in  the  breastwork 
monitors,  with  their  upper  decks  some  3  or  3i  feet  above 
water,  the  reserve  of  buoyancy,  augmented  as  it  is  by  the 
breastwork  which  stands  upon  the  upper  deck,  is  about 
equal  to  that  which  good  authorities  fix  for  the  average 
reserve  in  merchant  vessels  fairly  laden. 

Hereafter  it  will  be  shown  that  the  height  of  freeboard 
also  exercises  an  important  influence  in  preventing  ships 
from  being  easily  capsized  by  the  action  of  the  winds  and 
waves. 
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CHAPTER  II, 

THE  TONNAGE  OF  SHIPS. 

At  a  very  early  period  the  necessity  must  have  been  felt 
for  some  mode  of  measuring  the  sizes  of  ships  either  for 
purposes  of  comparison,  or  for  estimating  the  cost  of  con- 
struction, or  for  computing  the  various  dues  and  duties  from 
time  immemorial  levied  upon  shipping.  In  some  ancient 
documents  statements  occur  of  the  "  tonnage  "  or  "  portage  " 
of  ships ;  but  it  is  not  possible  to  settle  how  this  tonnage 
was  calculated.  There  is  reason  to  believe  that  it  was  based 
upon  some  rough  approximation  to  the  number  of  butts  or 
tuns  of  wine  which  a  vessel  could  carry ;  and  that  from  this 
custom  the  term  "  tonnage  "  was  derived.*  The  number  of 
butts  of  wine  that  could  be  carried  in  a  ship  of  course  de- 
pended upon  her  internal  capacity ;  and  in  all  probability 
this  number  was  at  first  determined  by  actual  stowage  of 
the  hold.  Eventually  there  must  have  arisen  a  desire  to 
arrange  some  method  of  calculation  giving  a  fair  approxi- 
mation to  the  carrying  power  of  the  ship  in  terms  of  her 
principal  dimensions — length,  breadth,  and  depth — and 
avoiding  the  necessity  for  stowing  the  hold.  When  such 
an  empirical  formula  had  been  devised  and  well  tested,  it 
would  doubtless  work  satisfactorily  so  long  as  the  types 
of  ships,   their   forms,   proportions,  and   methods   of  con- 


*  Much  of  the  information  given      the  "  Measurement  of  Ships,"  con- 
in  this  chapter  has  been  published      tributed  by  the  Author. 
in  Naval  Science^  in  an  article  on 
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struction,  remained  unchanged.  But  any  such  rule,  resting 
upon  no  scientific  basis,  might  possibly  be  evaded  by  various 
devices,  and  in  course  of  time  might  become  an  evil  which 
could  no  longer  be  borne  with. 

This  was  undoubtedly  true  of  the  oldest  law  for  tonnage 
to  which  reference  will  be  made,  the  so-called  "builders' 
old  measurement,"  or  "B.O.M.,"  of  which  the  use  can  be 
traced  back  for  centuries,  and  which  remained  in  force  until 
1836  as  the  basis  for  all  dues  on  British  shipping.  Although 
then  abolished,  and  replaced  by  another  tonnage  law,  this 
older  rule  continues  in  use,  with  some  modifications,  up  to 
the  present  time ;  its  imperfections  being  condoned  probably 
on  account  of  its  great  age.  Until  1872,  the  B.OJtf.  tonnage 
was  the  only  one  given  in  the  Navy  List  for  her  Majesty's 
ships;  but  since  then  the  displacement,  as  well  as  the 
B.O.M.  tonnage,  has  been  given.  In  the  United  States 
Navy  List  the  old  tonnage  measurement,  modified  in  some 
cases,  is  still  retained.  Yachts  are  also  usually  measured 
by  a  rule  which  is  a  slight  modification  of  the  B.O.M.  rule. 
And  yet  it  is  a  generally  acknowledged  fact  that  such  great 
injury  to  the  mercantile  marine  was  done  by  this  rule  as  to 
justify  the  repeal  of  the  law  that  enforced  it  no  less  than 
forty  years  ago. 

From  1836  to  1854  another  law  was  in  force  for  British 
merchant  ships;  but  no  account  of  this  is  needed,  as  it 
gave  place  at  the  latter  date  to  the  present  law,  which 
introduced  "  register  tonnage  " ;  a  mode  of  measuring  ships 
which  has  since  been  adopted  by  the  greatest  maritime 
powers,  has  been  made  the  basis  of  charge  for  passing 
through  the  Suez  Canal,  and  will  probably  be  univer- 
sally adopted  before  many  years  have  passed.  This  fact 
alone  is  sufiScient  evidence  of  the  fairness  and  superiority 
of  the  latest  tonnage  law ;  it  is  not  absolutely  free  from 
'objections,  as  applied  to  steam-ships,  but  these  are  not  of 
great  importance  when  compared  with  the  general  scope 
and  working  of  the  measure. 

Still  another  unit  of  measurement  is  in  common  use,  viz. 
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the  "  freight-ton  "  or  unit  of  "  measurement  cargo  "  for  a 
given  ship.  This  is  a  purely  arbitrary  measure,  but  it  has  a 
definite  meaning,  and  is  of  considerable  value  in  the  stowage 
of  ships. 

It  appears^  therefore,  that  there  are  in  common  use  the 
following  tonnage  measurements : — 

(1)  Displacement. 

(2)  Builders'  old  measurement. 

(3)  Yacht  measurement. 

(4)  Register  tonnage. 

(5)  Freight  tonnage. 

It  is  not  to  be  wondered  at  that  some  confusion  exists 
as  to  the  exact  meaning  of  the  term  "tonnage,"  seeing 
it  is  used  in  so  many  senses,  sometimes  expressing  weight, 
at  others  capacity,  and  at  others  a  purely  arbitrary  function 
of  the  principal  dimensions.  In  the  following  pages  a 
brief  description  of  these  different  tonnages  will  be 
given. 

Bespecting  "  displacement  tonnage,"  it  will  suffice  to  say 
that  it  expresses  the  total  weight  of  a  ship  (in  tons)  when  im- 
mersed to  her  maximum  draught,  or  "  load-line."  In  the  pre- 
vious chapter  allusion  has  been  made  to  the  process  by  which 
the  naval  architect  from  the  drawings  of  a  ship  can  estimate 
her  displacement.  This  is  a  measurement  especially  suited 
for  war-ships,  which  are  designed  to  carry  certain  maximum 
weights,  and  to  float  at  certain  load-lines,  that  are  fixed 
with  reference  to  desired  conditions,  such  as  height  of  the 
guns  above  water,  or  limitations  of  draught  imposed  by  the 
character  of  the  service.  Hence  the  displacement  tonnage 
furnishes  the  fairest  means  of  comparison  between  different 
types  of  war-ships ;  and  it  has  long  been  in  use  in  tlie  navies 
of  France,  Italy,  and  other  European  countries,  while  it 
alone  now  appears  in  the  Navy  List  for  the  ships  of  recent 
design,  and  in  course  of  time  will  doubtless  entirely  replace 
builders'  old  measurement. 

Merchant  ships,  as  was  shown  in  the  previous  chapter. 
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have  not  to  carry  certain  fixed  weights,  nor  have  they  usually 
a  fixed  maximum  load-line.  The  very  various  conditions  of 
cargo  stowage  to  which  these  ships  are  b'able  entirely  separate 
them  from  warnships ;  the  decision  as  to  the  draught  to  which 
they  can  be  safely  laden  must  yary  with  the  character  of  the 
cargo,  its  mode  of  stowage,  the  nature  of  the  yoyage,  and 
the  season  of  the  year.  With  some  cargoes  the  ships  might 
be  safe  at  a  deeper  draught  than  would  make  them  unsafe 
with  other  cargoes  on  board.  Hence  displacement  tonnage 
would  not  be  so  fair  a  measure  for  merchant  ships  as  it  is 
for  ships  of  war. 

A  modification  of  displacement  tonnage  has  been  proposed 
for  merchant  ships,  and  styled  ''  dead-weight  measurement." 
The  idea  is  to  express  the  tonnage  of  a  ship  by  the  number 
of  tons  weight  of  cargo  which  is  or  can  be  carried.  Two 
methods  of  applying  this  scheme  haye  been  suggested. 
First,  to  fix  the  maximum  load-line,  calculate  the  corre- 
sponding displacement,  and  then  to  estimate  the  number  of 
tons  of  cargo  which  she  could  carry,  when  floating  at  that 
line,  in  addition  to  her  equipment — coals,  stores,  machinery, 
&c.  Second,  it  has  been  proposed  to  aUow  the  tonnage  to 
yary  according  to  the  number  of  tons  of  cargo  on  board  at 
any  time ;  this  being  ascertained  by  means  of  an  ofiScially 
guaranteed  "curve  of  displacement."*  Against  the  first 
proposal  may  be  urged  the  difficulty  just  referred  to  of 
fixing  by  law  the  maximum  load-line  for  any  merchant 
ship;  the  second  would  make  the  tonnage  of  any  ship  a 
varying  quantity,  which  would  be  most  objectionable.  In 
addition,  dead-weight  measurement  has  been  objected  to  by 
the  highest  authorities  on  other  than  professional  grounds. 
All  changes  so  far  made  in  the  tonnage  laws  have  inten- 
tionally been  framed  so  as  to  leave  unchanged  the  nominal 
aggregate  tonnage  of  the  British  mercantile  marine ;  but  the 
use  of  dead-weight  measurement  would  entirely  change  this 
aggregate  tonnage :  and  there  is  no  reason  for  incurring  this 


8ee  page  7  for  a  description  of  such  carves. 
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serious  practical  disadvantage  when  there  are  other  good 
grounds  for  objecting  to  the  methods  of  measurement  which 
would  canse  the  change.  Dead-weight  measurement  has 
been  strongly  supported^  and  on  the  first  glance  appears 
simple  and  practical,  but  it  is  not  likely  to  supplant  register 
tonnage  for  merchant  ships. 

Coming  next  to  builders'  old  measurement,  the  rule  may 
be  briefly  stated  as  follows : — 

(a)  The  lengQ^  was  taken  on  a  straight  line  along  the 
rabbet  of  the  keel  of  the  ship  from  the  back  of  the  main 
stempost  to  a  perpendicular  line  from  the  fore  part  of  the 
main  stem,  under  the  bowsprit.     Fig.  27  shows  this ;  CA 

FIQ  27. 
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is  the  perpendicular  line,  and  AB  is  the  length  required. 
If  the  ship  was  afloat  when  the  measurements  for  tonnage 
were  made,  the  length  AB  could  not  be  taken ;  and  to  allow 
tor  the  rake  of  the  stempost  (BE),  and  the  consequent 
shortening  of  the  keel,  as  compared  with  the  length  along 
the  deck  or  water-line,  a  deduction  was  permitted  of  3  inches 
for  every  foot  of  draught  of  water  from  the  length  measured 
along  the  water-line  from  the  perpendiculsu*  line  AG  to  the 
back  of  the  stempost.  Long  after  raking  stemposts  ceased 
to  be  used  in  war-ships,  a  deduction  continued  to  be  made 
for  the  "  rake "  of  a  post  which  was  upright,  in  order  to 
secure  a  small  diminution  of  the  tonnage. 

(6)  The  breadth  was  taken  from  the  outside  of  the  outside 
plank  in  the  broadest  part  of  the  ship,  exclusive  of  any  addi- 
tional thickness  of  planking  or  doubling  strakes  that  might 
be  wrought  at  that  part.  This  reduction  from  the  extreme 
breadth  to  obtain  the  "  breadth  for  tonnage  "  amounted  to  10 
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or  1 1  inchcH  in  large  vessels,  decreasing  to  3  or  4  inches  in 
small  vessels ;  it  expressed  the  excess  in  thickness  of  the 
"  Wales,"  worked  in  the  neighbourhood  of  the  water-line,  over 
the  ordinary  bottom  planking.  In  iron  ships  the  breadth 
extreme  and  breadth  for  tonnage  are  usually  identical, 
except  in  cases  wliere  the  armour  shelf  "  overhangs "  the 
hull  pro|)er.  The  DevastcUian  is  a  case  in  point.  Her 
breadth  extreme  (to  outside  of  armour)  is  62^  feet;  the 
armour  and  backing  (on  both  sides)  project  some  4^  feet 
beyond  the  hull  beneath,  and  the  breath  for  tonnage  is  con- 
sequently only  58  feet.  In  the  American  monitors,  with 
overhanging  armour,  similar  deductions  are  made  from  the 
extreme  breadth  in  estimating  the  breadth  for  tonnage.  For 
example,  the  Dictator  had  a  breadth  extreme  of  50  feet,  and 
a  breadth  for  tonnage  of  41  feet  8  inches. 

(o)  From  the  length  (obtained  as  described  in  (a) )  was 
deducted  three-fifths  of  the  breadth  for  tonnage,  the  re- 
mainder being  termed  the  "  length  for  tonnage."  This  was 
multiplied  by  the  breadth,  and  their  product  by  half  the 
breadth,  *uul  dividing  by  94,  the  quotient  expressed  the 
tonnage. 

In  algi4)raical  language,  if  L  =  the  measured  length  along 
the  rabbet  of  keel ;  B  =  breadth  for  tonnage. 

Length  for  tonnage  =  (L  - 1  B) ; 

(L.^B)xBx^ 
Tonnagi>  B.O.M.  = 

As  an  example,  take  a  ship  for  which  L  =  200  feet,  B  = 
50  feet : 

T  un\f     (2^X)-|  x50)x50x\« 

Tonnage  B,O.M.  =  94 

_  170  X  50  X  25      00*^60  ♦ 

94  =22bO|Jtons. 

Il  will  be  noted  that  the  continued  prudoet  in  the 
nmnemlcir  exprvs^es  i^]iacity;  the  divisor  94  was  ohc^en 
ccigiiydly  with  referemv  to  the  i^arrving  ]H>weT  of  the  $hij« 
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upon  which  this  empirical  formula  was  based ;  but  at  present 
no  similar  meaning  attaches  to  builders'  tonnage,  and  it  is 
quite  useless  even  as  a  means  of  comparing  ships  except 
they  are  alike  in  type. 

The  following  explanation  has  been  given  of  the  probable 
rationale  of  the  B.O.M.  rule,  and  has  some  interest,  although 
it  leaves  untouched  the  foregoing  statement.  The  ratio 
of  length  to  breadth  common  in  the  days  of  sailing  ships 
was  about  4  to  1 ;  the  *•  length  for  tonnage  "  was  then  about 
seventeen-twentieths  of  the  length  of  the  ship  at  the  water- 
line.  Also  the  mean  draught  was  about  one-half  the  breadth. 
Hence  (as  explained  at  page  4)  it  was  possible  to  obtain  a 
good  approximation  to  the  total  displacement,  in  terms  of 
the  extreme  dimensions — ^length,  breadth,  and  draught;  the 
coefficient  of  fineness  for  these  extreme  dimensions  being 
rather  over  one-half.  That  is  to  say,  if  L  =  length  at 
water-line ;  B  =  breadth  extreme ;  D  =  mean  draught ;  dis- 
placement (in  cubic  feet)  was  a  little  greater  than  the 
product, 

J  X  L  X  B  X  D. 

Writing  L,  =  length  for  tonnage ;  then  approximately 

Li  =  i^L;  andD  =  ^. 

Displacement  (in  cubic  feet)  was  therefore  a  little  greater 
than  the  product, 

1      20,        ^      B 


2  ^  17 


Li  X  B  X  2^ 


and  might  be  expressed  very  nearly  by 

Displacement  =  — z:  x  Li  x  B  x  w. 

lUU  J* 

Expressing  this  in  weight-units,  instead  of  volume-units, 

62        L'><»x| 

Displacement  (in  tons)  =  — — -  x     o>  -    • 

100  »>o 
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The  hulls  of  these  vessels  are  said  to  hare  absorbed  about 
40  per  cent,  of  the  displacement ;  so  that 


Approximate  carrying  power   (in  i 
tons) J"" 


3      62 
5^100 
186 
17500 


Li  X  B  x-7> 


35 
X  Li  X  B  X 


B 
2 


=^x  L,  X  B 


B 

^2' 


which  agrees  with  the  B.O.M.  rule. 

This  is  the  most  reasonable  explanation  we  have  met 
with  of  the  process  by  which  the  divisor  (94)  was  obtained ; 
but  it  will  be  observed  to  proceed  upon  certain  fixed  pro- 
portions of  breadth  to  length,  breadth  to  draught,  and  weight 
of  hull  to  displacement ;  and  departures  from  these  proportions 
rendered  the  rule  useless  as  a  measure  of  carrying  power. 

A  few  examples  drawn  from  the  Navy  List  will  serve  to 
show  more  clearly  the  inconsistencies  and  errors  involved  in 
applying  the  old  measurement  to  modem  ships ;  and  the 
reader  will  find  many  more  examples  if  he  refers  to  the  same 
publication,  where  the  displacement  and  B.O.M.  tonnage  are 
both  given  for  most  of  the  ships. 


Ships. 

Displacement,  i 

B.O.M. 

{  Warrior 
{Devastation 

1),137 
9,190 

6,109 
4,407 

K  Minotaur 
(Dreadnought 

10,627 

10,886       1 

1 

6,621 
5,030 

j  Howe 
\BeUerophon 

6,557 

7,551          ; 

4,245 
4,270' 

{ Glatton  . 
\Boadicea 

4,912 
4,027 

2,709 
2,679 

Taking  these  vessels  in  pairs,  the  first  two  illustrations 
show  how  widely  diflereiit  may  be  the  tonnages  B.O.M.  when 
the  displacements  are  very  close  to  one  another ;  while  the 
last  two  illustrations  show  how,  with  nearly  identical  tonnages 
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B.O.M.,  the  displacements  may  diflTer  considerably.  For 
war-ships,  displacement  is  undoubtedly  the  fairest  measure, 
and  for  all  ships  B.O.M.  tonnage  only  affords  a  means  of 
fairly  comparing  ships  of  the  same  class  ;  it  cannot  be  trusted 
where  ships  of  different  types  are  being  compared. 

Such  a  rule  could  be  evaded  with  ease  when  the  object 
aimed  at  was  the  production  of  vessels  of  small  nominal 
tonnage,  but  of  great  cargo-carrying  capacity.  Raking 
stemposts  and  other  small  devices  helped  to  this  end,  but 
it  was  above  all  favoured  by  the  construction  of  deep  narrow 
ships.  Such  vessels  were,  of  course,  far  inferior  to  vessels 
of  proper  proportions  as  regarded  safety  and  good  behaviour 
at  sea ;  and  the  numerous  disasters  which  resulted  from  the 
construction  of  these  vessels,  being  obviously  traceable  to 
the  bad  effects  of  the  tonnage  law,  led  to  its  abolition  for 
the  mercantile  marine. 

In  war-ships  there  was  not  the  same  temptation  to  sacrifice 
good  qualities  in  order  to  make  the  tonnage  B.O.M.  appear 
small ;  and  the  fact  explains  the  continued  use  of  the  rule 
for  her  Majesty's  ships  long  after  it  had  ceased  to  have  any 
legal  force.  On  the  other  hand,  the  study  of  our  naval 
history  leads  to  the  conclusion  that  every  marked  change 
or  improvement  made  during  the  present  century  in  the 
construction  of  ships  for  the  Boyal  Navy  has  been  accom- 
panied by  a  protest  against  or  disregard  of  the  existing 
limitations  of  tonnage  (B.O.M.)  for  the  different  classes  of 
ships.  And  now  the  final  step  has  been  taken  which  will  pro- 
bably lead  to  the  abandonment  of  this  mode  of  measurement 
for  the  Royal  Navy,  and  the  substitution  of  displacement. 

In  the  measurement  of  ships  belonging  to  the  navy  of 
the  United  States  the  common  practice  appears  to  have 
been  to  employ  builders'  old  measurement,  but  in  the 
monitors,  which  are  extremely  broad  shallow  vessels,  where 
the  depth  is  much  less  than  half  the  breadth,  the  depth 
appears  to  have  been  substituted  for  the  half-breadth. 
One  objection  to  the  B.O.M.  rule  is  thus  removed,  but  even 
in  this  modified  form  it  affords  no  fair  means  of  comparison. 
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Yacht  measurement  next  claims  attention.  The  Thames 
rule  is  that  generally  adopted,  and  it  is  as  follows : — 

(a)  The  length  is  measured  on  the  deck  from  the  fore 
part  of  the  stem  to  the  after  part  of  the  stempost  (CD  in 
Fig.  27,  page  43) ;  let  this  be  called  L. 

(6)  The  breadth  is  measured  to  the  outside  of  the  outside 
plank  at  the  broadest  part  whereyer  found ;  let  this  be 
called  B. 

(c)  From  the  length  the  breadth  extreme  is  deducted, 
the  remainder  being  the  "  length  for  tonnage."  This  length 
for  tonnage  is  multiplied  by  the  breadth,  and  their  product 
by  half  the  breadth ;  the  result  divided  by  94  gives  the 
tonnage.     In  algebraical  language, 

(L  -  B)  X  B  X  1^ 

Tonnage  (Thames  measurement)  = — . 

As  an  example,  take  the  case  of  a  yacht  for  which  the 
length  (L)  is  102  feet ;  breadth  extreme  (B)  21  feet : 

Tonnage   (Thames    measure-l     ^^^^  -  21)  x  21  x  ^ 

ment) )=  94 

81  X  21  X  21 


94  X  2 


=  190  tons. 


Tlie  modifications  of  the  B.O.M.  rule  are  not  of  any  great 
importance,  except  that  the  measurement  of  the  length 
along  the  deck,  instead  of  along  the  keel,  does  away  with 
any  motive  to  rake  the  stempost  excessively  in  order  to 
decrease  the  nominal  tonnage.  In  other  respects  the  ob- 
jections urged  above  to  the  B.O.M.  rule  apply  almost  with 
equal  force  here ;  but  there  is  one  important  exception. 
Yachts  are  measured  mainly  for  time  allowance  in  racing, 
and  the  owner  has  not  the  same  inducements  to  malform 
the  vessel  in  order  to  give  her  increased  carrying  power 
which  the  owner  of  the  cargo-carrying  vessel  had.  The 
yachtsman  seeks  to  secure  speed,  and  for  that  purpose  favours 
good  proportions.     Numerous  and  weighty  objections  have, 
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however,  been  raised  to  the  Thames  measurement^  and 
various  proposals  have  been  made  for  alternative  methods, 
but  none  of  these  has  found  much  favour,  or  been  extensively 
adopted. 

Displacement  tonnage  has  been  advocated  for  yachts,  but 
objected  to  on  the  grounds  that  it  would  lead  to  the  con- 
struction of  mere  racing  machines,  having  very  small  internal 
accommodation,  as  compared  with  the  extreme  dimensions ; 
also  that  variations  in  the  amount  of  ballast  carried  at 
different  times  would  necessitate  variations  in  the  displace- 
ment for  the  same  yacht ;  while  many  owners  would  object 
to  having  their  yachts  measured  accurately,  fearing  that 
their  forms  might  be  reproduced  or  improved  upon.  None 
of  these  objections,  except  perhaps  the  first,  appears  to  have 
any  great  weight ;  but  there  seems  no  present  probability 
of  displacement  tonnage  being  accepted  for  yachts. 

The  great  fault  of  the  Thames  measurement  is  undoubtedly 
the  retention  of  the  assumption  made  in  the  rule  for  B.O.M. 
tonnage,  that  the  depth  may  be  taken  as  half  the  breadth. 
Hence  have  arisen  proposals  to  substitute  either  the  maxi- 
mum draught  of  water  or  the  actual  depth  (from  deck  to 
keel)  for  the  half-breadth  in  the  formula  given  above.  The 
Corinthian  and  New  Thames  Yacht  Clubs  have  adopted  a 
rule  differing  from  ordinary  Thames  measurement,  in  taking 
the  total  depth  up  to  the  top  of  the  covering  board,  but 
having  the  length  and  breadth  for  tonnage  measured  on  the 
old  plan.     By  this  rule. 

Tonnage  of  yachts  =  — ^ — ^^  ^^    . 

The  divisor  (200)  makes  the  tonnage  approach  to  the 
older  measurement.  One  obvious  objection  to  the  Corinthian 
Club  measurement  is  that  owners  desiring  to  decrease  the 
nominal  tonnage  would  be  tempted  to  decrease  the  free- 
board, or  height  out  of  water,  in  order  to  diminish  the 
depth;  and  such  a  change  might  be  very  objectionable. 
On  the  other  hand,  the  introduction  of  the  total  depth  of 
the  yacht  into  the  formula  prevents  slight  differences  of 

£ 
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draught,  due  to  alterations  in  the  weights  carried,  from 
causing  changes  in  the  nominal  tonnage,  as  they  would 
do  if  the  actual  displacement  tonnages  were  employed* 
There  seems  no  weighty  objection,  however,  to  taking  the 
maximum  displacement  for  a  yacht  as  her  tonnage,  and 
neglecting  the  effects  of  comparatiyely  small  changes  of 
draught. 

The  New  York  Yacht  Club  settle  time  allowances  quite 
apart  from  "tonnage."  Their  tables  are  based  upon  the 
area  obtained  by  multiplying  the  extreme  length  of  the 
yacht  on  or  under  the  water-line  from  the  fore  side  of  the 
stem  to  the  aft  side  of  the  stempost  by  the  extreme  breadth 
wherever  found.  It  would  appear  to  be  assumed  in  this 
rule  that  the  power  to  carry  sail  varied  with  the  area 
obtained  by  multiplying  these  two  dimensions ;  but  this  is 
only  an  approximate  rule,  the  true  law  for  sail-carrying 
power  depending  upon  more  complex  conditions,  not  now 
to  be  discussed.  This  rule  is  said  to  have  given  satisfaction 
in  New  York,  but  it  has  not  been  adopted  here. 

Summing  up  these  different  rules  for  yacht  measurement^ 
it  must  be  admitted  that  no  plan  yet  proposed  is  free  from 
objection  ;  the  two  most  trustworthy  methods  appear 
to  be  "  displacement  tonnage  "  and  "  register  tonnage.*' 
All  yachts  are  measured  for  their  register  tonnage,  under 
the  law  of  1854,  just  as  other  ships  are  measured ;  but  no 
use  is  made  of  the  measurement  in  racing.  With  certain 
limitations  as  to  the  thickness  of  the  sides  in  yachts,  the 
register  tonnage  might  be  made  to  give  a  very  fair 
approximation  to  a  constant  fraction  of  the  total  bulk, 
measured  to  the  outside  of  the  skin  and  the  top  of  the 
planking  of  the  upper  deck.  Here,  however,  as  in  the 
Corinthian  Club  rule,  there  would  be  an  inducement 
to  decrease  freeboard  in  order  to  diminish  the  tonnage; 
whereas  with  displacement  tonnage  there  would  be  no  such 
inducement. 

Turning  to  register  tonnage,  the  legal  measurement  for 
British   merchant   ships   since  1854,   one   finds   a   method 
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resting  upon  a  scientific  basis,  not  easily  evaded  by  persons 
desirous  of  making  the  nominal  tonnage  of  tbeir  ships  small, 
and  generally  commending  itself  after  more  than  twenty 
years'  experience.  Many  other  nations  have  adopted  the 
same  or  very  similar  laws ;  Germany,  Austria,  France,  Italy, 
Denmark,  and  the  United  States  among  the  number ;  and 
the  Suez  Canal  tariff  is  based  upon  the  same  method  of 
measurement.  Eegister  tonnage  was  thus  defined  by  Mr. 
Moorsom,  who  had  most  to  do  with  its  introduction : — 
**  It  is  simply  the  internal  capacity  of  the  hold  of  the  ship 
"  in  cubic  feet,  with  any  additional  spaces  built  on  deck, 

"  divided  by  one  hundred The  nominal  ton  of  the 

"  present  law  consists  simply  of  one  hundred  cubic  feet." 
The  tonnage  of  a  merchant  ship  is  usually  stated  both  as 
**  gross  "  and  "  nett."  "  Gross  "  tonnage  expresses  (in  tons 
of  100  cubic  feet)  the  total  internal  capacity  of  the  ship, 
together  with  that  of  any  closed-in  spaces,  such  as  deck- 
houses, &c.,  erected  upon  the  deck,  for  purposes  of  ac- 
commodation or  stowage.  "  Nett "  tonnage  is  intended  to 
express  in  the  same  units  the  cubical  content  of  the  space 
actually  available  for  remunerative  service,  the  conveyance 
of  passengers,  or  stowage  of  cargo ;  it  is  sometimes  styled  the 
'*  register  "  tonnage.  In  calculating  the  tonnage,  the  surveyors 
of  the  Board  of  Trade  take  certain  measurements  in  the 
interior  of  the  ship,  if  that  is  accessible,  the  number  and 
position  of  these  measurements  being  settled  by  the  tonnage 
law,  in  proportion  to  the  size  of  the  ship,  and  being  suffi- 
ciently close  to  one  another,  to  prevent  unfair  decrease  of  the 
tonnage  by  local  thickening  of  the  inside  lining,  or  any 
such  devices.  These  measurements  are  made  the  basis 
of  a  calculation  very  similar  in  character  to  that  by  which 
the  displacement  of  a  ship  is  estimated  by  the  naval 
architect ;  and  so  an  exceedingly  close  approximation  is 
made  to  the  internal  capacity  below  the  tonnage  deck. 
To  this  is  added  the  space  between  decks,  and  the 
closed-in  spaces  (if  any),  tlie  final  result  being  the  gross 
tonnage. 

E  2 


) 
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In  some  cases  the  holds  of  ships  cannot  be  cleared  for 
purposes  of  measurement,  and  then  the  gross  tonnage  under 
the  deck  is  estimated  as  follows.  The  length  is  taken  at  the 
upper  deck  from  the  fore  point  of  the  rabbet  of  the  stem 
to  the  after  point  of  the  rabbet  of  the  post.  The  extreme 
breadth  of  the  ship  is  also  taken,  and  a  chain  is  passed  under 
her  at  this  place,  in  order  to  determine  the  girth  of  the  ship, 
as  high  up  as  the  upper  deck.  The  formulae  now  employed 
by  the  surveyors  in  calculating  the  approximate  tonnage  by 
rule  2  are : — * 


(1)  For    wood  and 
composite  ships  . 


17     /Girth+BreadthV      j       .. 


/oM?     •         v.-                18     /Girth+BreadthV      t     ^x. 
(2)  For  iron  ships  .   =jqqqq(^ g )    ^^^^S*^- 

But  these  rules  are  only  used  when  internal  measurement  is 
either  very  inconvenient  or  impracticable. 

In  the  Merchant  Shipping  Act  of  1854,  rule  2  was  stated 
as  follows.  The  length  was  taken  on  the  upper  deck 
between  the  outside  of  the  outer  plank  at  the  stem  and  the 
after  side  of  the  stempost,  deducting  hom  this  the  distance 
from  the  after  side  of  the  stempost  and  the  rabbet  of  the 
stempost  at  the  point  where  the  counter  plank  crossed  it. 
The  girth  and  breadth  extreme  were  taken  as  described 
above ;  and  the  formulae  for  the  gross  tonnage  were : — 

-CI            ,   ,  .                     18     /Girth+BreadthV      t     ^u 
For  wood  ships  .  .  .  =  ^  ^  f   '-^ J    x  Length. 

T,     .         ,  .                      21     /Girth+BreadthV      ^     ^, 
For  iron  ships .  .  .  .  =iqq^(^ -^g )    ^^^^^ 

These  coefficients  were,  however,  exchanged  many  years  ago 
for  the  smaller  coefficients  given  above. 

Mr.  Moorsom  also  gave  the  following  approximate  rules 
for  the  gross  register  tonnage  of  merchant  ships  in  terms 

•  See  an  able  article  on  "  Register  Tonnage  in  Practice,"  in  Naval 
Science  for  1873. 
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of  their  principal  dimensions  in  a  paper  contributed 
to  voL  i.  of  the  Transactums  of  the  Institution  of  Naval 
Architects. 

Let  L  =  inside  length  on  upper  deck  from  plank  at  bow  to 

plank  at  stem ; 

B  =  inside  main  breadth  from  ceiling  to  ceiling ; 

D  =  inside  midship  depth  itom  upper  deck  to  ceiling  at 
limber  strake. 

Then  the  register  tonnage  for  a  ship  in  the  under-mentioned 
classes  will  approximately  equal  — ^     J^       x  the  decimal 

factor  opposite  the  class. 

Decimal 
factor. 

Sailing-ships  of  usual  form -7 

Steam-vessels  and  clippers  |  ^,         ,,,*'*' 

^^      I  Three-decked      .      .      .      -68 

„    ,       j  Above  sixty  tons -5 

I  Small  vessels -45 

As  an  example  take  the  case  (Ifrom  the  Mercantile  Navy 
List)  of  a  steamer  for  which  L  =  137  feet ;  B  =  20  feet ; 
D  =  11  feet. 

137  X  20  X  11 
Approximate  tonnage    = -^ X  *  65  =  195  tons. 

Measured  tonnage =  199  tons. 

All  her  Majesty's  ships  are  now  measured  by  surveyors  of 
the  Board  of  Trade,  and  their  register  tonnage  is  recorded 
in  their  papers;  the  above  rules  may,  however,  prove  of 
some  service,  enabling  a  fair  approximation  to  the  tonnage 
to  be  rapidly  made  in  terms  of  dimensions  that  are  readily 
ascertainable. 

The  "  nett "  register  tonnage  of  sailing  ships  differs  very 
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little  from  the  "  gross  "  tonnage ;  the  only  deductions  being 
spaces    occupied    solely  by  the  crew,  provided  they  do 
not  fall  below  72  cubic  feet  per  man ;  cargo  must  not  be 
carried  in  any  such  spaces,  or  the  deductions  cease  to  be 
made.    In  steam-ships  further  deductions  are  permitted  on 
account  of  the  spaces  occupied  by  the  machinery  and  coals, 
such  spaces  being  regarded  as  lost  to  the  cargo-carrying 
capacity  of  the  vessel,  and  therefore  not  remunerative.    The 
fundamental  principle,  that  nett  register  tonnage   (upon 
which  the  dues  are  estimated  for  any  ship)  shall  only  include 
spaces  used  for  cargo-carrying  or  passenger  accommodation 
is  thus  maintained ;  but  the  fairness  of  making  any  such 
allowances  to  steamers,  or,  if  any,  how  great  allowances, 
has   been   the   subject  of  much   discussion.      The   Act  of 
1854  is  still  in  force,  however,  although  confessedly  imper- 
fect, and  under  it  the  deductions  are  made  in  one  of  two 
ways.     The  space  "  solely  occupied  by  and  necessary  for  the 
«  proper  working  of  the  boilere  and  machinery  "  is  measured 
(shaft  passages,  funnel  casings,  ventilation  trunks,  &c.,  being 
included  herein).    If  this  space  has  a  tonnage,  in  screw- 
steamers,  above  13   per  cent,  of  the   gross  tonnage  and 
under   20   per  cent,  the  total   deduction    permitted,   for 
machinery  and  coal-space,  is  32  per  cent,  of  the  gross 
tonnage.     In  paddle-steamers,  if  the  measured  space   has 
a  tonnage   above  20  per  cent   and  under  30  per  cent 
of  the  gross  tonnage,  the   total   deduction    permitt^   is 
37  per  cent     This  is  the  first,  or  "percentage,"  method 
supposed  to  be  applicable  to  all  ordinary  steamers.    The 
second  method  is  applied  where  the  space  occupied  for  the 
machinery  is  either  unusually  large  or  small ;  the  space 
may  then  be  measured  (as  before),  and  the  total  deduction 
from  the  gross  tonnage  is  to  be  50  per  cent  more  than 
the    measured    space    in    paddle-steamers,    and    75    per 
cent,  in  screw-steamers.    These  additions  to  the  measured 
space  are  considered  to  allow  fairly  for  the  coal-stowage 
required  for  the  propulsion  of  the  ship.     Slight  variations, 
such  as  may  be  made   in    the   erections  on  deck,  might 
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suffice  to  throw  a  vessel  out  of  the  percentage  allowances, 
and  into  the  second  rule,  increasing  her  nett  register  tonnage 
considerably.  For  example,  a  screw-vessel  of  2000  tons 
gross  tonnage  may  be  supposed  to  have  machinery  space 
equivalent  to  265  tons  (26,500  cubic  feet),  or  \Z\  per  cent, 
of  the  gross  tonnage.  A  closed-in  poop  and  forecastle  are 
added,  increasing  the  gross  tonnage  to  2080  tons,  13  per 
cent,  of  which  would  be  270  tons.  The  machinery  space 
would  then  be  5  tons  below  the  lower  limit  for  the  percentage 
method,  and  the  rule  might  be  had  recourse  to  which  allows 
a  total  deduction  of  75  per  cent,  more  than  the  measured 
space.  So  the  ship  in  her  two  conditions  would  stand  as 
follows : — 

L  Without  poop  and  forecastle —  Tons. 

Gross  tonnage 2000 

Deduction  for  machinery  and  coals^  ^^^  x  2000  tons     .         G40 

Nett  tonnage 1360 

II.  With  poop  and  forecastle — 

Gross  tonnage 2080 

Deduction  for  machinery  and  coals,  If  x  265  tons  .      .  464 

Nett  tonnage 1616 

The  addition  of  the  poop  and  forecastle  only  adds  80  tons 
to  the  real  cargo-carrying  space  of  the  ship;  but  by  the 
operation  of  the  tonnage  law  the  change  might  increase  the 
nett  register  tonnage  by  no  less  than  256  tons.  A  system 
which  may  give  rise  to  such  anomalous  results  must 
obviously  be  open  to  objection;  the  real  cause  of  the 
difficulty  being  found  in  the  hard  and  fast  limits  within 
which  the  percentage  rule  is  applied.  For  although  the 
Act  of  1854  gave  power  to  extend  the  application  of  the 
percentage  method,  with  the  consent  of  the  government 
officers  and  the  owner,  we  are  assured  on  good  authority 
that  the  Board  of  Trade  seldom  agrees  to  give  the  per- 
centage allowance  where  the  machinery  space  is  less  than 
13  per  cent,  of  the  gross  tonnage. 

Ordinary  ocean-going  steamers  will  usually  be  found  to 
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have  a  nett  register  tonnage  about  33  to  35  per  cent,  less 
than  their  gross  tonnage.  Take  for  example  the  following 
large  steamers : — 


Ships. 

Gross  Tonnage. 

Nett  Tonnage. 

City  of  Berlin       .     .      . 

Britannic 

City  of  Montreal  . 

Haytian 

Holland 

Abyssinia 

Palmyra 

Tons. 
5491 
5004 
4451 
2336 
3847 
3376 
2044 

Tuna. 
2957 
3152 
3027 
1490 
2462 
2159 
1390 

The  Mercantile  Navy  List  furnishes  extensive  informa- 
tion of  a  similar  character  for  all  classes  of  steamers.  In 
vessels  with  very  great  engine-power,  such  as  tugs  or  fast 
packet-boats,  the  deductions  from  the  gross  tonnage  accord- 
ing to  the  law  of  1854  reach  a  very  high  percentage. 
Instances  are  on  record,  for  example,  where  tugs  of  con- 
siderable gross  tonnage  have  by  these  deductions  been  made 
to  have  practically  no  nett  tonnage.  The  well-known  Clyde 
steamer  lona,  which  has  a  great  reputation  for  speed,  has 
a  gross  tonnage  of  393  tons,  and  a  nett  tonnage  of  113  tons 
— only  about  29  per  cent,  of  the  gross  tonnc^e.  A  similar 
case  is  foimd  in  the  Holyhead  packets ;  the  Connauffht,  for 
instance,  having  a  gross  tonnage  of  1412  tons,  and  a  nett 
tonnage  of  450  tons,  or  only  32  per  cent,  of  the  gross  tonnage. 
Such  excessive  reductions  have  been  much  objected  to, 
and  in  vessels  like  the  Connaught,  for  example,  built  for 
short  passages,  and  consequently  requiring  but  a  small 
coal  supply,  an  obvious  absurdity  is  involved  in  allowing 
75  per  cent,  on  the  meaJBured  machinery  space  as  the  coal 
space.  The  Merchant  Shipping  Code  introduced  into 
Parliament  in  1871,  but  not  proceeded  with,  proposed  an 
amendment  of  the  law,  which  has  been  much  commended, 
and  which  may  be  considered  to  fairly  represent  official 
experience  up  to  that  time.  The  deduction  for  engine  and 
coal  space  by  this  code  would  never  be  permitt^  to  exceed 
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50  per  cent,  of  the  gross  tonnage^  except  in  tugs.  Accurate 
measurements  were  to  be  made  of  the  eoal-hunkerSy  as  well 
as  of  the  engine  and  boiler  rooms,  funnel  casings,  shaft  pass- 
ages, &c.;  and  the  total  tonnage  corresponding  to  the 
spaces  measured  was  to  be  deducted  from  the  gross  tonnage. 
This  plan  would  probably  answer  admirably  in  the  case  of 
ships  vrith  permanent  coal-bunkers ;  but  many  cargo-carry- 
ing steamers  are  constructed  with  shifting  coal-bunker  bulk- 
heads; the  space  assigned  to  the  coal  varying  with  the 
quantity  required  to  be  carried  for  the  particular  voyages, 
and  the  space  sometimes  included  in,  and  at  others  excluded 
from,  the  bunkers  being  unavailable  or  available  for  cargo 
stowage.  Since  the  nett  register  tonnage  cannot  be  allowed 
to  vary  with  the  coal  space,  some  modification  of  the  rule 
would  be  necessary  for  such  cases. 

The  so-called  '^ Danube  rule  "  for  tonnc^e  is  based  upon 
the  English  tonnage  law  of  1854,  the  allowance  for  coal  and 
machinery  being  50  per  cent,  above  the  measured  space 
assigned  to  machinery  in  paddle-steamers,  and  75  per  cent 
in  screw-steamers. 

The  tariff  of  the  Suez  Canal  is  also  based  upon  the 
English  tonnage  law  of  1854,  together  with  the  modifica- 
tions proposed  in  the  Code  of  1871  as  to  coal  space.  Ships 
of  the  Boyal  Navy  now  make  such  great  use  of  the  canal 
that  it  may  be  well  to  summarise  the  method  of  measure- 
ment for  the  ^'nett  tonnage"  upon  which  the  dues  are 
charged.  The  spaces  measured  for  the  gross  tonnage  in  all 
ships  are : — Space  under  the  tonnage  deck ;  space  or  spaces 
between  tonnage  deck  and  uppermost  deck ;  all  covered  or 
closed-in  spaces,  such  as  poop,  forecastle,  officers'  cabins, 
galleys,  cook-houses,  deck-houses,  wheel-houses,  and  other 
inclosed  or  covered-in  spaces  employed  for  working  the  ship. 
The  deductions  permitted  in  all  ships  are : — Berthing  accom- 
modation for  the  crew  in  forecastle  and  elsewhere — not 
including  spaces  for  stewards  and  passengers'  servants; 
berthing  accommodation  for  the  officers,  except  the  captain ; 
galleys,  cook-houses,  &c.,  used  exclusively  for  the  crew; 
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covered  and  closed-in  spaces  above  the  uppermost  deck 
employed  for  working  the  ship.  In  none  of  these  spaces 
must  cargo  be  carried  or  passengers  berthed,  and  the  total 
deduction  under  all  these  heads  must  not  exceed  5  per  cent, 
of  the  gross  tonnage.  In  steamers  with  fixed  coal-bunkers 
the  rule  of  the  English  code  may  be  followed,  or  the  owners 
may  choose  to  have  their  vessels  measured  by  the  Danube 
rule.  Vessels  with  shifting  bunkers  would  be  measured  by 
the  Danube  rule.  In  no  case,  except  in  tugs,  must  the 
deduction  for  the  propelling  power  exceed  50  per  cent  of 
the  gross  tonnage;  so  that  the  minimum  tonnage  upon 
which  a  vessel  can  pay  dues  in  passing  through  the  canal  is 
45  per  cent,  of  her  gross  tonnage.  The  smaller  classes  of 
war-ships,  up  to  corvettes,  would  approach  this  lower  limit 
most  closely;  frigates,  troop-ships,  and  high-sided  vessels 
may  have  nett  tonnages  from  50  to  65  per  cent,  of  the 
gross  tonnages. 

Since  the  gross  register  tonnage  of  a  ship  represents  her 
internal  capacity,  while  the  sum  of  her  displacement  and 
reserve  of  buoyancy  represent  her  total  outside  bulk,  there 
will  necessarily  exist  a  certain  ratio  between  the  gross  tonnage 
and  the  displacement  in  ships  having  the  same  proportionate 
reserve  of  buoyancy  and  the  same  proportionate  thickness 
of  sides  and  decks.  In  different  classes  considerable  dif- 
ferences must  exist  in  the  ratio  of  gross  tonnage  to  displace- 
menty  since  there  are  very  wide  divergencies  in  the  reserves 
of  buoyancy  and  the  methods  of  construction.  It  may, 
however,  be  worth  notice  that  in  ocean-going  steamers,  both 
mercantile  and  fighting,  the  displacement  (in  tons),  when 
fully  laden,  may  be  expected  to  lie  between  once  and  a  half 
and  twice  the  gross  tonnage ;  and  the  mean  of  these  ratios 
(IJ  time)  will  give  a  fair  approximation  to  the  load  dis- 
placement in  most  cases. 

It  only  remains  to  add  the  following  practical  rule,  given 
by  Mr.  Moorsom  : — "  To  ascertain  approximately  the  dead- 
"  weight  cargo  which  a  ship  can  safely  carry  on  an  average 
**  length  of  voyage,  deduct  the  tonnage  of  the  spaces  appro- 
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^  priated  to  passenger  accommodation  from  the  nett  register 
"  tonnage,  and  multiply  the  remainder  by  the  factor  1  J." 
This  rule  is  based  on  experience,  about  67  cubic  feet  being 
the  average  spcu^  required  for  each  ton-weight  of  cargo 
carried,  when  allowance  is  made  for  the  provisions  and 
stores  needed  on  a  voyage  of  average  length. 

A  few  words  will  su£Sce  as  \x)  freight  tonnage.  Merchants 
and  shipowners  make  considerable  use  of  this  measure- 
ment, although  it  has  no  legal  authority;  it  is  also  used 
in  the  Admiralty  service  in  connection  with  store-ships  and 
yard-craft.  A  freight-ton,  or  "  unit  of  measurement  cargo," 
simply  means  40  cubic  feet  of  space  available  for  cargo,  and 
is  therefore  two-fifths  of  a  register  ton.  Mr.  Moorsom  says 
that  for  an  average  length  of  voyage  the  nett  register 
tonnage  less  the  tonnage  of  the  passenger  space,  when 
multiplied  by  the  factor  If,  will  give  a  fair  approximation 
to  the  freight-tons  for  cargo  stowage.  This  rule  has  the 
same  basis  as  that  for  dead-weight  cargo  given  above.  The 
freight- ton  is,  of  course,  a  purely  arbitrary  measure,  but  has 
a  definite  meaning,  and  is  of  service  in  the  stowage  of 
ships. 
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CHAPTER  III. 

THE  STATICAL  STABILITY   OF   SHIPS. 

A  SHIP  floating  freely  and  at  rest  in  still  water  must  fulfil 
two  conditions :  first,  she  must  displace  a  weight  of  water 
equal  to  her  own  weight ;  second,  her  centre  of  gravity  must 
lie  in  the  same  vertical  line  with  the  centre  of  gravity  of 
the  volume  of  displacement,  or  "  centre  of  buoyancy."  In 
the  opening  chapter  the  truth  of  the  first  condition  was 
established,  and  it  was  shown  that  the  circumstances  of  the 
surrounding  water  were  unchanged,  whether  the  cavity  of 
the  displacement  was  filled  by  the  ship  or  by  a  volume  of 
water  having  the  same  weight  as  the  ship.  When  the  ship 
occupies  the  cavity,  the  whole  of  her  weight  may  be  supposed 
to  be  concentrated  at  her  centre  of  gravity,  and  to  act 
vertically  downwards.  When  the  cavity  is  filled  with  water, 
its  weight  may  be  supposed  to  be  concentrated  at  the  centre 
of  gravity  of  the  volume  occupied  (i.e.  at  the  centre  of 
buoyancy),  and  to  act  vertically  downwards  ;  the  downward 
pressure  must  necessarily  be  balanced  by  the  equal  upward 
pressures,  or  "  buoyancy,"  of  the  surrounding  water ;  there- 
fore these  upward  pressures  must  have  a  resultant  also 
passing  through  the  centre  of  buoyancy.  In  Fig.  28,  a  ship 
is  represented  (in  profile  and  transverse  section)  floating 
freely  and  at  rest  in  still  water.  Her  total  weight  may  be 
supposed  to  act  vertically  downward  through  the  centre  of 
gravity  G  ;  the  buoyancy  acting  vertically  upwards  through 
the  centre  of  buoyancy  B.  If  (as  in  the  diagram)  the  line 
joining  the  centres  G  and  B  is  vertical,  it  obviously  repre^ 
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sents  the  common  line  of  action  of  the  weight  and  buoyancy, 
which  are  equal  and  opposite  yertical  forces ;  in  that  case 
the  ship  is  subject  to  no  disturbing  forces,  and  remains  at 
rest,  the  horizontal  fluid  pressures  which  act  upon  her  being 
balanced  amongst  themselves.  But  if  (as  represented  in 
Fig.  29)  the  centres  G-  and  B  are  not  in  the  same  yertical 
line,  the  equal  and  opposite  forces  of  the  weight  and  buoy- 
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ancy  do  not  balance  each  other,  but  form  a  "mechanical 
couple,**  tending  to  disturb  the  ship,  either  by  heeling  her 
or  by  producing  change  of  trim.  If  D  =  total  weight  of  the 
ship  (in  tons),  and  GZ  =  perpendicular  distance  between  the 
parallel  lines  of  action  of  the  weight  and  buoyancy  (in  feet). 
Moment  of  couple  =  D  x  GZ  (foot-tons). 


FIG  20.  ^ 


If  the  vessel  is  left  free  to  moye  from  this  position,  not 
being  subjected  to  the  action  of  external  forces  other  than  the 
fluid  pressures,  she  will  either  heel  or  change  trim,  until  the 
consequent  alteration  in  the  form  of  the  displacement  brings 
the  centre  of  buoyancy  into  the  same  yertical  with  the  centre 
of  gravity  G.  It  is  important  to  note  that,  for  any  specified 
distribution  of  weights  in  a  ship,  supposing  no  change  of 
place  in  those   weights  to   accompany  her  transverse  or 
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longitudinal  inclinations,  the  centre  of  gravity  is  a  jisted 
point  in  the  ship,  the  position  of  which  may  be  correctly 
ascertained  by  calculation.  On  the  contrary,  the  centre  of 
buoyancy  varies  in  position  as  the  ship  is  inclined,  because 
the  form  of  the  displacement  changes.  Hence,  in  treating 
of  the  stability  of  ships,  it  is  usual  to  assume  that  the 
position  of  the  centre  of  gravity  is  known,  and  to  determine 
the  place  of  the  centre  of  buoyancy  for  the  volume  of  dis- 
placement corresponding  to  any  assigned  position  of  the  ship. 
The  value  of  the  "  arm  '*  (GZ)  of  the  mechanical  couple 
formed  by  the  weight  and  buoyancy  can  then  be  determined. 
If  it  is  zero,  the  vessel  floats  freely  and  at  rest,  in  other 
words,  occupies  a  "  position  of  equilibrium ;"  if  the  arm  (GZ) 
has  a  certain  value,  the  moment  of  the  couple  (D  x  GZ) 
measures  the  effort  of  the  ship  to  change  her  position  in 
order  to  reach  a  position  of  equilibrium.  In  this  latter  case 
the  vessel  can  only  be  retained  in  the  supposed  position 
(see  Fig.  29)  by  means  of  the  action  of  external  forces;  and 
if  her  volume  of  displacement  is  to  remain  the  same  as  when 
she  floats  freely,  these  external  forces  may  be  supposed  to 
act  along  horizontal  lines.  For  example,  a  ship  may  be 
sailing  at  a  steady  angle  of  heel,  and  the  resultant  pressure 
of  the  wind  on  the  sails  may  be  represented  by  the  pressure 
P  in  Fig.  29  (section)  acting  along  a  horizontal  line. 
When  the  vessel  has  attained  a  uniform  rate  of  drift  to 
leeward,  the  resistance  of  the  water  will  contribute  a  hori- 
zontal pressure,  P,  equal  and  opposite  to  the  wind-pressure ; 
and  if  d  be  the  vertical  distance  between  the  lines  of  action 
of  these  pressures,  we  have 

Moment  of  couple  formed  by '  ,    ^  p  ^  ^  (foot-tons) ; 
horizontal  forces    ...    I 

which  moment  will  be  balanced  by  that  of  the  couple  formt»d 
by  the  weight  and  buoyancy.     Hence 

D  X  GZ  =  P  X  d, 
is  an  equation  enabling  one  to  ascertain  the  angle  of  steady 
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heel  for  a  particular  ship,  with  a  given  spread  of  sail,  and  a 
certain  force  of  wind. 

Supposing  a  ship,  when  floating  upright  and  at  rest,  to  be 
in  a  position  of  equilibrium,  which  is  the  common  case :  let 
her  be  inclined  through  a  very  small  angle  from  the  initial 
position  by  the  action  of  horizontal  forces.  If,  when  the 
inclining  forces  are  removed,  she  returns  toward  the  initial 
position,  she  is  said  to  have  been  in  stable  equilibrium  when 
upright ;  if,  on  the  contrary,  she  moves  further  away  fi^om 
the  initial  position,  she  is  said  to  have  been  in  unstable 
equUtbrivm  when  upright ;  if,  as  may  happen,  she  simply 
rests  in  the  slightly  inclined  position,  neither  tending  to 
return  to  the  upright  nor  to  move  from  it,  she  is  said  to  be 
in  neutral  or  indifferent  equilibrium.  This  last-named  con- 
dition has,  however,  little  .practical  interest  in  connection 
with  ships,  for  which  stability  and  instability  are  alone 
important.  A  well-designed  ship  floats  in  stable  equili- 
brium when  upright ;  but  many  ships,  when  floating  light, 
without  cargo  or  ballast,  are  in  unstable  equilibrium 
when  upright,  and  consequently  "loll  over"  to  one  side 
or  the  other  when  acted  upon  by  very  small  disturbing 
forces. 

The  statical  stahility  of  a  ship  may  be  defined  as  the  effort 
which  she  makes  when  inclined  by  external  forces  acting 
horizontally,  and  held  steadily  at  that  inclination,  to  return 
towards  her  natural  position  of  equilibrium — the  upright — in 
which  she  rests  when  floating  freely.  This  effort,  as  explained 
above,  is  measured  by  the  moment  of  the  couple  formed  by 
the  weight  and  buoyancy.  Hence  we  may  write,  for  any 
angle  of  inclination. 

Moment  of  statical  stability  =  D  x  GZ. 

But  in  doing  so,  it  must  be  noted  that  in  all  ships,  when  large 
angles  of  inclination  are  attained,  the  line  of  action  of  the 
buoyancy,  instead  of  falling  to  the  right  of  G  (as  in  section. 
Fig.  29),  and  so  tending  to  restore  the  ship  to  the  up- 
right, will  fall  to  the  left  and  tend  to  ujpset  her  or  make 
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her  move  away  from  the  upright  position.    This  matter  will 
be  more  fully  explained  hereafter. 

Starting  from  the  upright,  a  ship  may  be  inclined  trans- 
versely, or  longitudinally,  or  in  any  "  skew  **  direction  lying 
between  the  two.  It  is  only  necessary,  however,  to  consider 
transverse  and  longitudinal  inclinations  in  connection  with 
statical  stability ;  the  innumerable  possible  skew  inclinations 
being  easily  dealt  with  when  the  conditions  of  stability  for 
the  two  principal  inclinations  have  been  ascertained.  The 
minimwn  stability  of  a  ship  corresponds  to  transverse  inclina- 
tions; the  maximvm  stability,  to  longitudinal  inclinations. 
It  is,  therefore,  of  the  greatest  importance  to  thoroughly 
investigate  the  changes  in  the  statical  stability  of  ships  as 
they  are  heeled  to  greater  and  greater  transverse  inclinations, 
especially  for  ships  which  have  masts  and  sails.  Longitudinal 
stability  is  less  important,  but  claims  some  notice,  especially 
as  regards  its  influence  on  changes  of  trim  and  pitching 
motions. 


FIQ.30. 


FIG.3I. 
M 


i 


\^ 


Taking  first  transverse  inclinations,  let  them  be  supposed 
to  1)0  small ;  it  is  then  easy  to  estimate  the  statical  stability 
when  the  position  of  the  meiacentre  is  known.  For  our  present 
purpose  the  metacentre  may  be  defined,  with  sufficient 
exactitude,  as  the  intersection  (M  in  the  cross-section.  Fig.  30) 
of  the  line  of  action  (BM)  of  the  buoyancy  when  the  ship  is 
inclined  through  a  very  small  angle,  with  the  line  of  action 
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(B^GM)  of  the  buoyancy  when  the  ship  is  upright  and  at 
rest.  In  yessels  of  ordinary  form,  no  great  error  is  intro- 
duced by  supposing  that,  for  angles  of  inclination  between 
the  upright  and  10  or  15  degrees,  all  the  lines  of  action  of  the 
buoyancy  (such  as  BM)  pass  through  the  same  point  (M) — 
the  metacentre.  For  any  angle  of  inclination  a  within  these 
limits  the  perpendicular  distance  (6Z)  of  the  line  of  action  of 
the  buoyancy  from  the  centre  of  gravity  is  determined  by — 

GZ  =  GM  sin  a. 
Moment  of  statical  stability  =  D  x  GM  sin  a. 

Ah  an  example,  take  a  ship  weighing  6000  tons,  for  which 
the  distance  GM  =  3  feet,  and  suppose  her  to  be  steadily 
heeled  under  canvas  at  an  angle  of  9  degrees.    Then 

Moment  of  statical  stability  =  6000  tons  x  3  feet  x  sin  9° 
=  18,000  X  -1564=  2815  foot-tons. 

For  most  ships  the  angles  of  steady  heel  under  canvas  lie 
within  the  limits  for  which  the  metacentric  method  holds ; 
and  consequently  this  method  may  be  used  in  estimating  the 
"  stiffness  "  of  a  ship,  i.e.  her  power  to  resist  inclination  from 
the  upright  by  the  steady  pressure  of  the  wind  on  her  sails. 
It  must  be  noticed  that  this  term  "  stiffness  "  is  used  by  the 
naval  architect  in  a  sense  distinct  from  "  steadiness."  A  stiff 
ship  is  one  which  opposes  great  resistance  to  inclination  from 
the  upright,  when  under  sail  or  acted  upon  by  some  external 
forces ;  a  crank  ship  is  one  very  easily  inclined ;  the  sea 
being  supposed  to  be  smooth  and  stUL  A  steady  ship,  on  the 
contrary,  is  one  which,  when  exposed  to  the  action  of  waves 
in  a  seaway,  keeps  nearly  upright,  her  decks  not  departing 
far  from  the  horizontal.  Hereafter  it  will  be  shown  that  fre- 
quently the  stiffest  ships  are  the  least  steady,  while  crank  ships 
are  the  steadiest  in  a  seaway.  At  present  we  are  dealing 
only  with  still  water,  and  must  limit  our  rsmarks  to  stiffness. 
From  the  foregoing  remarks  it  will  be  evident  that,  so  far 
as  statical  stability  is  concerned,  and  within  the  limits  to 
which  the  metacentric  method  applies,  a  ship  may  be  com- 
pared to  a  pendulum,  having  its  point  of  suspension  at  the 


66 


NAVAL  ARCHITECTURE. 


CHAP.  HI. 


metacentre  (M,  Fig.  30),  and  its  weight  concentrated  in  a 
"  bob "  at  the  centre  of  gravity  G.  Fig.  31  shows  such  a 
pendulum,  inclined  to  an  angle  a.  The  weight  (D)  acting 
downwards  produces  a  tendency  to  return  to  the  upright, 
measured  by  the  moment  D  x  GrM  sin  a,  which  is  identical 
with  the  expression  for  the  righting  moment  of  the  ship  at 
the  same  angle.  But  this  comparison  holds  only  while  the 
ship  and  the  pendulum  are  at  rest ;  as  soon  as  motion  begins, 
the  comparison  ceases  to  be  correct,  and  the  failure  to  dis- 
tinguish between  the  two  cases  has  led  some  writers  into 
serious  error. 

Changes  in  the  height  (GM)  of  the  metacentre  above  the 
centre  of  gravity  produce  corresponding  changes  in  the 
stiffness  of  a  ship ;  in  fact,  the  stiffness  may  be  considered 
to  vary  with  this  height — usually  termed  the  "  metacentric 
height."  If  it  is  doubled,  the  stiffness  is  doubled ;  if  halved, 
the  stiffness  is  reduced  by  one-half,  and  so  on.  Care  has,  there- 
fore, to  be  taken  by  the  naval  architect,  in  designing  ships, 
to  secure  a  metacentric  height  which  shall  give  sufficient 
stiffness,  without  sacrificing  steadiness  in  a  sea-way.  In  ad- 
justing these  conflicting  claims,  experience  is  the  best  guide. 
The  following  tables  contain  particulars  of  the  metacentric 
heights  of  different  classes  of  war-vessels  belonging  to  the 
Eoyal  Navy  or  to  foreign  navies;  the  vessels  being  fully  laden. 


Ironclads. 


Metacentric 
Height  (GM> 


1.  Converted  frigates   (formerly    two-deckers);    Princei 

Consort  class  in  Royal  Navy,  and  earliest  French  > 
frigates  (G/mVc  class) J 

2.  Warrior  and  Minotaur  classes  in  Royal  Navy ;  Flandre) 

class  in  French  navy f 

3.  Recent  types  of  frigates,  such  as  Belkrophon,  ffercuIesA 

or  Alexandra  in  Royal  Navy ) 

4.  Marengo  class  (last  completed)  in  French  navy     . 

5.  -4 /wia  class  of  corvettes  in  French  navy     .     .     .      . 

6.  Devastation  class  of  Royal  Navy 

7.  Glatton  (low  freeboard  monitor) 

8.  Oarde-cotes  {Bilier  class),  French  navy     .... 

9.  American  type  of  monitor  (Minntonomoh) 


Feet. 
6    to7 

4    „  4f 

2i..  3i 

li  „  2i 

3 

3i„  4 

About  7 

„      7i 

»     14 
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It  is  to  be  noted  that  the  first  five  groups  in  this  table 
include  sailing  ironclads.  Experience  has  led  to  the  selection 
of  metacentric  heights  of  from  3  to  4  feet  as  the  best  suited 
for  such  vessels,  taking  into  account  their  ordinary  spread 
of  canvas.  The  remaining  groups  comprehend  mastless 
ships,  in  which  the  greater  metacentric  heights  are  often 
imayoidable  with  the  forms  and  proportions  rendered  neces- 
sary by  the  special  conditions  of  the  designs — such  as 
moderate  draught  in  association  with  thick  armour  and 
heavy  guns. 


Unarmoured  Ships. 


Metacentric 
Height  (GM). 


Feet. 

1.  Screw  line-of-battle  ships  (two-deckers),  of  which  a  )lp        4A  tn  TA 

few  remain  in  the  French  and  Royal  navies  .     .  j    ^^^    * 

2.  Screw  frigates  and  corvettes  of  the  old  types     . 

3.  Screw  frigates  of  new  type  and  very  high  speed,  such  ] 

as  Inconstant  class  of  Royal  Navy,  or  TourvilU  \ 
of  French  navy ) 

4.  Screw  corvettes  and  sloops  of  recent  design . 

5.  Smaller  classes  of  sea-going  vessels 

6.  Tugs  and  small  vessels,  not  sea-going    .... 


n      ^      it 


2i„ 


»    2f  „  3J 
,.    2i  „  3 


u„ 


When  the  consimiable  stores  of  these  vessels,  armoured  and 
unarmoured,  are  removed,  the  metacentric  heights  are  com- 
monly about  one  foot  less  than  in  the  fully  laden  condition 
to  which  the  tables  refer.  For  merchant  ships,  correspnd- 
ing  particulars  are  not  on  record,  few  experiments  having 
been  made  to  determine  them;  moreover,  in  these  vessels 
variations  in  stowage  of  cargo  must  produce  considerable 
variations  in  the  metacentric  heights.  There  is  reason  to 
believe  that  recent  merchant  steamers,  having  extreme  pro- 
portions of  length  to  breadth,  have  metacentric  heights 
much  less  than  those  stated  above  for  war-ships. 

The  naval  architect  usually  has  far  greater  control  over 
the  vertical  position  of  the  metacentre  in  a  newly  designed 
ship  than  he  has  over  that  of  the  centre  of  gravity.  In  a  war- 
ship the  distribution  of  the  armour,  armament,  and  equipment 
are  settled  mainly  with  reference  to  fighting  efficiency ;  and 

F  2 
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this  distribution  chiefly  controls  the  vertical  position  of  the 
centre  of  gravity.  Merchant  ships  have  to  fulfil  specified 
conditions  as  to  draught,  freeboard,  and  carrying  power, 
besides  being  subject  to  variations  in  the  character  and 
stowage  of  the  cargoes ;  and  these  variations  may  pro- 
duce considerable  changes  in  the  vertical  position  of  the 
centre  of  gravity,  even  when  the  total  loads  carried  are 
identical  on  different  voyages.  On  the  other  hand,  the 
position  of  the  metacentre  in  a  ship  depends  only  on  her 
form,  and  the  extent  to  which  she  is  immersed ;  it  is  quite 
independent  of  the  structural  arrangements  or  the  lading. 
Two  ships  of  identical  form,  immersed  to  the  same  extent, 
and  therefore  having  equal  displacements,  may  have  the 
equal  weights  carried  so  differently  disposed  that  the 
centre  of  gravity  in  one  will  be  considerably  higher  than 
that  in  the  other ;  but  the  metacentres  will  occupy  the  same 
position  in  both  vessels.  By  means  of  changes  in  the  form  of 
the  water-line  section  and  displacement,  in  the  proportions  of 
length  to  breadth,  or  in  draught  of  water,  the  designer  can, 
however,  associate  with  a  constant  total  weight,  or  displace- 
ment, very  various  vertical  positions  of  the  metacentre. 

It  has  been  explained  that  the  metacentre  affords  a  ready 
means  of  determining  the  line  of  action  of  the  buoyancy 
for  imy  inclined  position,  and  avoiding  the  necessity  for  deter- 
mining the  place  of  the  corresponding  centre  of  buoyancy. 
But  in  practice  the  position  of  the  metacentre  is  fixed  with 
reference  to  the  centre  of  buoyancy,  corresponding  to  the 
upright  position  of  the  ship.  The  distance  (BiM,  Fig.  30) 
is  given  by  the  formula,* 

Moment  of  inertia  of  water-line  area 


BiM  = 


Volume  of  displacement 


♦  The  "moment  of  inertia  "of  an  inertia  is  to  be    calculated.    The 

area  may  be  defined  as  the  sum  of  proof  of  the  formula   piven  above 

products  of  each  element  of  that  area,  involves     mathematical    treatment 

by  the  square  of  its  distance  from  which  would  be  out  of  place  here, 
the  axis  about  which  the  moment  of 
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For  transyerse  inclinations,  such  as  we  are  now  considering, 
the  moment  of  inertia  would  be  calculated  about  the  middle 
line  of  the  water-line  section ;  and  this  may  be  expressed  in 
terms  of  the  length  (L)  and  breadth  extreme  (B)  of  that 
section.     It  may  in  fact  be  written. 

Moment  of  inertia  =  K  x  L  x  B^, 

where  K  is  a  quantity  ascertained  by  calculation  for  the 
particular  ship.  Since  the  cube  of  the  breadth  appears  in 
the  expression  for  the  moment  of  inertia,  and  only  the  first 
power  of  the  length,  any  increase  in  the  breadth  must 
be  most  influential  in  adding  to  the  yalue  of  the  height 
(BiM)  of  the  metacentre  above  the  centre  of  buoyancy. 

Referring  once  more  to  the  box-shaped  vessel.  Fig.  10, 
pttge  18,  the  water-line  section  is  a  rectangle,  and  K  =  -j^. 
Let  two  cases  be  taken ;  and  suppose  the  draught  of  water 
to  be  constant,  say  20  feet.  In  the  first  case  suppose  L  = 
200  feet ;  B  =  40  feet.  Then  displacement  D  =  200  x  40 
X  20  =  160,000  cubic  feet. 

B  M  -  A  X  200  X  (40)3 

^'^  "        160,000 ^  *^^*- 

In  the  second  case,  suppose  the  breadth  to  be  made  50  feet, 
and  the  length  160  feet;  then  the  displacement  will  be  the 
same  as  before.     But 

BM-Axl60x(50r_ 

i^iM  -     -'160TO0O ^^^  ^^^^• 

In  both  these  cases,  the  centre  of  buoyancy  is  obviously 
at  mid-draught,  so  that  the  effect  of  changing  the  propor- 
tions of  length  to  breadth  in  the  manner  supposed  is  to 
make  a  difference  of  3f  feet  in  the  height  of  the  metacentre 
above  the  bottom  of  the  vessels. 

The  case  of  ship-shaped  forms  is  more  difficult ;  the  form 
of  athwartship  sections  varies  throughout  the  length,  and 
the  estimate  of  the  displacement  and  positions  of  the  centre 
of  buoyancy  and  metacentre  involves  lengthy  calculations. 
The  data  for  these  calculations  are  furnished  by  the  draw- 
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ings  of  a  ship.  The  process  cannot  now  be  described,  being 
too  technical.  It  may,  however,  be  interesting  to  state  two 
simple  rules,  making  no  pretension  to  accuracy,  but  enabling 
the  positions  of  the  centre  of  buoyancy  and  the  metacentre 
to  be  fixed  approximately. 

I.  For  the  approximate  depth  of  the  centre  of  buoyancy 
below  the  surface  of  the  water,  take  from  two-ffths  to  nine- 
iwerUieOis  of  the  mean  draught.  The  larger  coefficient  should 
be  used  for  ships  of  full  form. 

II.  For  the  coefficient  K  in  the  formula  for  the  moment 
of  inertia  of  the  water-line  area — or  plane  of  flotation — ^the 
following  approximate  values  may  be  taken  in  ordinary  types 
of  war-ships : — 

Length  =  four  beams  :  K  =  t^  ; 

Length  =  five  beams  :  K  =  ^^  ; 

Length  =  six    beams  :  K  =  ^^ . 
The  length  and  beam  are  measured  at  the  load-line. 

It  will  be  understood  that  these  values  of  K  may  vary  in 
different  vessels,  having  the  same  ratio  of  length  to  extreme 
breadth.  Fineness  of  form  in  the  water-line  section  may  be 
adopted  to  decrease  the  resistance,  or  for  other  reasons ;  but 
its  effect  will  be  to  decrease  the  value  of  K,  and  in  some 
ships  having  a  length  of  four  beams  only,  K  is  in  this 
manner  made  as  small  as  for  vessels  six  beams  in  length 
with  the  ordinary  fulness  of  water-line.  When  fineness 
of  form  is  associated  with  great  proportionate  length,  K 
sometimes  falls  as  low  as  ^;  but  this  is  an  uncommon 
case.  Fulness  of  form  at  the  water-line  has  of  course 
the  contrary  effect,  making  K  greater  than  it  is  ordi- 
narily in  vessels  of  the  same  proportions  of  length  to 
beam.  All  these  circumstances  require  consideration  in 
selecting  the  value  for  K  in  any  case. 

As  an  example,  take  her  Majesty's  ship  Iron  Duke,  iot 
which  length  (L)  is  280  feet,  breadth  extreme  (B)  54  feet. 
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mean  draught  22  feet,  displacement  6000  tons.  Here  the 
length  equals  about  five  beams ;  and  E  should  about  equal 
^.    Hence 

Moment  of  inertia  of  water- 1  ^  oqa  x,  (^\^ 

rlinearea |=  iS^oV  X  ^««  X  (54) . 

Volume  of  displacement       .    =  6000  x  35. 

Height  of  metacentre  aboyel  _  11  x  280  x  (54)^  _  1 1  .p;  f 

centre  of  buoyancy  (B,M)  ( "  200  x  6000  x  35  "" 
Also  (by  Rule  I.)  approxi-"] 

mate  depth  of  centre  of  (  ^  feet  =  8-8  feet, 

buoyancy     below     water!      ^ 

surface J 

Hence  the  metacentre  should  be  situated  about  2*7  feet 
above  the  water  surface.  Exact  calculation  showed  it  to  be 
about  2'4  feet  above  the  water  surface  ;*  the  approximation 
being  close. 

Limited  space  prevents  any  other  example  being  given  ; 
but  it  will  be  seen  from  the  foregoing  example  how  to  pro- 
ceed generally  in  making  these  approximations  to  the  vertical 
position  of  the  metacentre  in  ships  of  war.  Such  approxima- 
tions could  not,  however,  be  trusted  to  take  the  place  of 
exact  calculations. 

Reverting  to  the  expression  for  the  height  of  the  meta- 
centre above  the  centre  of  buoyancy,  a  few  general  deductions 
may  be  stated.  With  the  same  water-line  section,  but 
with  changes  in  the  under-water  form,  involving  changes  in 
the  displacement,  the  height  of  the  metacentre  above  the 
centre  of  buoyancy  will  be  less  in  fvU  ships  than  in  fine 
ships.  Ships  which  are  broad  in  proportion  to  their  length 
and  depth  have  great  metacentric  heights  (BiM),  and  vice 
versa.  Shallow-draught  vessels,  of  considerable  beam  and 
length,  have  a  great  moment  of  inertia  of  the  load-line 
section  in  proportion  to  the  displacement,  and  in  them  the 


•  See  page  252  of  appendix  to  report  of  Committee  on  Designs  for 
Ships  of  War. 
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metacentre  commonly  lies  high  above  the  centre  of  buoy- 
ancy ;  but  so  also  does  the  centre  of  graYity,  because  these 
vessels  generally  have  abnormal  freeboard  in  proportion  to 
draught.  As  ships  of  ordinary  form  become  more  deeply 
immersed,  they  lose  in  the  ratio  which  the  moment  of 
inertia  of  the  load-line  section— or  plane  of  flotation — bears 
to  the  volume  of  displacement,  and  the  metacentro  usually 
falls  lower  in  the  vessel,  but  there  are  exceptions  to  the  rule. 

The  foregoing  tables  of  metacentric  heights  furnish  illus- 
trations of  these  deductions,  but  it  must  be  borne  in  mind 
that  the  vertical  position  of  the  centre  of  gravity  affects  the 
results  given  therein,  so  that  they  do  not  simply  represent 
the  effects  of  changes  in  form  and  proportions  on  the  position 
of  the  metacentre. 

The  following  are  examples  of  ships  which  are  very  broad 
in  proportion  to  their  length  and  depth,  and  which  have 
great  metacentric  heights : — 


Ships. 


I       .,        Breadth 
^  '     Extreme. 


Mean      !  Metacentric 
Draught.  Height  (GM> 


Miantonomoh  (American) 
Cerbere  (French)  . 
a/a«o/i  (English)       .      . 


. 


Feet 

ins. 

Feet  ins. 

250 

6 

52  10 

216 

0 

53     0 

245 

0 

54    0 

1 

Feei  ins.  ! 

14  0    i 

19  0    I 

19  0    i 


Feei. 
14  0 

7-6 
6-8 


The  converse  case  of  ships  which  are  long  in  proportion 
to  their  breadth,  and  which  have  low  metacentric  heights, 
is  illustrated  by  the — 


1 

Ship.                       ^  Length. 

Breadth 
Extreme. 

Mean 
Draaght. 

Metacentric 
Height  (GM). 

Feet    ins. 
Inconstant 337     0 

Feet    ins. 

50    3i 

Feet    ins. 
23  lOJ 

Feet. 
2-8* 

*  This  metacentric  height  was 
obtained  by  placing  180  tons  of 
l)alla8t  on  board  in  order  to  make 
the    vessel    stifTer    under  canvas; 


without  the  ballast  the  metacentric 
height  would  probably  be  about  21 
feet. 
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Moderate  proportions^  such  as  are  now  common  in  the 
ironclad  skips  of  the  Navy,  are  usually  associated  with 
moderate  metacentric  heights ;  as  examples  take — 


Ships. 

Length. 

Breadth 
Extreme. 

Mean 
Draught. 

Metacentric 
Height(GM). 

tlandrt  cliu»  .  |  ^^^^ 
Alma  class      .  ) 

Feet    int. 
325     0 
300    0 
262    0 
230    0 

Feet    ins. 
59     0 
56     1 
55     9 
46     3 

Feet    int. 
25     0 

24  8i 

25  3 
21    3 

Feet. 
2-7 
3-3 
4-4 
3-5 

But  such  moderate  proportions,  associated  with  a  high 
position  of  the  centre  of  gravity  or  deep  draught,  may  give 
rise  to  a  small  metacentric  height,  as  in  the — 


Ships. 

Length. 

Breadth 
Extreme. 

Mean 
Draught. 

Metacentric 
Height  (OM). 

Monarch  (English)     .      . 
Richelieu  (French)     .     • 

Feet    int. 
330     0 
322    0 

Feet    ins. 
57     H 
57     2 

Feet    ins. 

24    U 
26     3 

Feet. 
2-4 
1-5 

Conversely,  moderate  proportions  associated  with  a  low  posi- 
tion of  the  centre  of  gravity  may  cause  great  metacentric 
height  as  in  the  converted  ironclads. 


Ships. 

Length. 

Breadth 
Extreme. 

Mean 
Draught. 

Metacentric 
Height(GM). 

Prince  Consort  (English) 
Gloire  (French)    . 

Feet    ins. 
273     0 
255    0 

Feet    ins. 
58     5 
55    9 

Feet    ins. 
25     5 
25    6 

Feet. 
6-0 
7-0 

Similarly,  great  length  in  proportion  to  beam  may,  by  means 
of  fineness  of  form  or  a  low  position  of  the  centre  of  gravity, 
be  associated  with  a  good  metacentric  height,  as  in  the — 


Ships. 


Length. 


Warrior 
Minotaur 


Feet  ins. 
380  0 
400    0 


Breadth 
Extreme. 


Mean 
Draught. 


Feet    ins. 
58     4 
50     5 


Feet  ins. 
26  5i 
26     Sh 


Metacentric 
Height  (GM). 


Feet 
4-7 
3-9 
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The  practical  deduction  from  all  these  cases  is  therefore  that 
careful  consideration  is  needed  both  of  the  effect  of  chauges 
in  form  and  proportions  upon  the  position  of  the  metacentre, 
and  of  changes  in  structural  arrangements  or  distribution  of 
weights  upon  the  position  of  the  centre  of  gravity,  in  order 
to  arrive  at  a  correct  estimate  of  the  probable  metacentric 
height — measuring  the  "  stiffness  " — of  a  ship. 

Summing  up  the  foregoing  remarks  on  the  metacentric 
method  of  estimating  stability,  it  may  again  be  stated  that 
the  metacentre  is  simply  a  fixed  point  through  which  the 
buoyancy  of  a  ship  may  be  supposed  to  act  for  all  angles  of 
inclination  up  to  10  degrees  or  15  degrees  in  vessels  of  ordi- 
nary form.  This  is  tantamount  to  saying  that  the  metacentre 
may  be  taken  as  a  hypothetical  point  of  suspension  for  a 
ship  in  order  to  estimate  the  righting  moment  when  she  is 
steadily  heeled  to  any  angle  within  the  limits  named.  If  the 
centre  of  gravity  of  the  ship  lies  helxyu)  the  metacentre,  she 
tends  to  return  towards  the  upright  when  inclined  a  little 
from  it ;  that  is,  her  equilibrium  is  stable.  If  the  centre  of 
gravity  of  the  ship  lies  above  the  metacentre,  she  tends  to 
move  away  from  the  upright  when  slightly  inclined ;  that  is, 
her  equilibrium  is  v/nstoible.  K  the  centre  of  gravity  coin- 
cides with  the  metacentre,  and  the  ship  is  inclined  through 
a  small  angle,  she  will  have  no  tendency  to  move  on  either 
side  of  the  inclined  position,  and  her  equilibrium  is  indif- 
ferent. The  metacentre,  therefore,  measures  the  height  to 
which  the  centre  of  gravity  may  be  raised,  without  rendering 
the  vessel  unstable  when  upright ;  and  it  was  this  property 
which  led  Bouguer,  the  great  French  writer  to  whom  we  owe 
the  first  investigations  on  this  subject,  to  give  the  name, 
metacentre,  to  the  point. 

For  vessels  of  unusual  form — as,  for  example,  the  monitor 
type  with  extremely  low  freeboard — the  metacentric  method 
cannot  be  trusted  for  such  considerable  inclination  as  in 
ordinary  types.  On  the  other  hand,  there  are  certain  forms 
for  which  the  metacentric  method  applies  to  even  greater 
inclinations,   or    even   for  all   possible   inclinations.      The 
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well-known  cigar-ships  exemplify  the  last-named  condi- 
tion. All  transverse  sections  of  these  ships  are  circles. 
Suppose  Fig.  32  to  represent  the  section  containing 
the  centre  of  buoyancy  B  for  the  upright  positioiiy  WL 
being  the  water-line.  Then  obviously  for  any  inclined 
position  (such  as  is  shown  in  Fig.  33,  where  the  original 
water-line  is  marked  WiLi,  and  the  original  centre  of 
buoyancy  Bj)  the  new  centre  of  buoyancy  B  determines 
the  vertical  line  of  action  (BM)  of  the  buoyancy,  which  inter- 
sects the  original  vertical  (BjM)  in  the  centre  (M)  of  the 


RQ.33. 


cross-section.  Hence,  if  G  be  the  centre  of  gravity,  we  shall 
have  for  any  angle  of  inclination  a, 

Moment  of  statical  stability  =  D  x  GrM  sin  a. 

In  other  words,  the  cigar-ship  may  be  regarded  as  a  pendu- 
lum turning  about  the  point  of  suspension  M  throughout  its 
transverse  inclinations,  instead  of  limiting  that  comparison 
to  15  degrees,  as  is  done  for  ordinary  ships. 

The  conditions  of  stability  of  a  wholly  submerged  or  sub- 
marine vessel  are  as  simple  as  those  of  the  cigar-ship. 
In  Fig.  34  a  cross-section  of  such  a  vessel  is  given ;  B  is  the 
centre  of  buoyancy,  and  for  a  position  of  equilibrium  B 
and  the  centre  of  gravity  G  must  lie  in  the  same  vertical 
line.    When  this  condition  is  unfulfilled  (as  in  the  diagram). 
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the  weight  and  the  buoyancy  form  a  mechanical  couple,  jost 
as  in  the  case  of  a  ship  having  a  part  of  her  yolume  above 
water.    For  the  submarine  vessel,  however,  inclination  pro- 
duces no  change  in  either 
FIQ.34 


the  form  of  the  displace- 
ment or  the  position  of 
the  centre  of  buoyancy ; 
for  all  positions  the  buoy- 
ancy acts  upwards  through 
the  same  point  B,  and  the 
total  weight  downwards 
through  the  centre  of 
gravity  G.  Consequently 
stable  equilibrium  is  only 
possible  when  the  centre 
of  gravity  lies  (as  in  the 
diagram)  below  the  centre  of  buoyancy ;  for  obviously,  if  G 
were  placed  vertically  above  B,  and  the  vessel  were  inclined 
ever  so  little,  no  position  of  rest  could  be  reached  until  G 
W6W  placed  vertically  below  B.  For  wholly  submerged 
vessels,  therefore,  the  centre  of  buoyancy  takes  the  place 
of  the  metacentre  in  vessels  partially  immersed,  and  for 
all  angles  of  inclination  (such  as  a). 

Moment  of  statical  stability  =  D  x  BG  sin  a. 

For  a  given  water-line,  it  is  possible  to  calculate  from 
the  drawings  of  a  ship  the  corresponding  displacement,  as 
well  as  the  positions  of  the  centre  of  buoyancy  and  meta^ 
centre.  Direct  calculation  also  enables  the  naval  architect 
to  predict  within  very  narrow  limits  the  position  of  the  centre 
of  gravity,  and  it  is  in  this  manner  that  any  desired  meta- 
centric height  is  secured.  But  the  calculation  for  the  centre 
of  gravity  is  very  lengthy  and  laborious  ;  and  when  a  ship  of 
the  Eoyal  Navy  is  completed,  especially  if  she  be  of  a  new 
type,  it  is  usually  considered  desirable  to  ascertain  the  exact 
position  of  the  centre  of  gravity  by  means  of  an  indining 
experivient,  which  is  conducted  in  the  following  manner. 
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The  ship  being  practically  complete — with  spars  on -end, 
the  bilges  dry,  the  boilers  empty,  no  water  in  the  interior 
free  to  shift,  and  all  weights  on  board  well  secured  so  that 
they  may  not  fetch  away  when  she  is  inclined — is  allowed  to 
come  to  rest  in  still  water.  A  calm  day  is  desirable,  but  if 
there  be  any  wind,  the  ship  should  be  placed  head  or  stern 
to  it  and  allowed  to  swing  free,  the  cables  being  so  led  that 
they  may  practically  hare  no  effect  in  resisting  the  inclina- 
tion of  the  ship.  For  the  purpose  of  producing  inclination, 
piles  of  ballast  are  usually  placed  on  the  deck  (see  W,  W, ' 
Fig.  35),  being  at  first  equally  distributed  on  either  side, 


FIG.36. 


but  in  some  cases  the  guns  of  a  ship  have  been  traversed 
from  side  to  side  instead  of  using  ballast.  Two  or  three 
long  plumb-lines  are  hung  in  the  hatchways,  and  by  means 
of  these  lines  the  inclinations  from  the  upright  are  note^K 
All  being  ready,  and  the  ship  at  rest,  the  positions  of  the 
plimib-lines  are  marked,  and  the  draught  of  water  is  taken. 
The  position  of  the  metacentre  corresponding  to  this 
draught  can  then  be  ascertained  by  calculation  from  the 
drai^ings.  Next  a  known  weight  of  ballast  ( W,  Fig.  35)  is 
moved  across  the  deck  through  a  known  distance.  The 
vessel  becomes  inclined,  and  after  a  short  time  rests  almost 
steadily  in  this  new  position,  in  other  words,  is  once  more  in 
equilibriumy  as  shown  ih  Fig.  36.  Consequently,  for  this  new 
position,  the  metacentre  M  must  be  vertically  above  the  new 
centre  of  gravity  (G,)  ;  for  obviously  the  shift  of  ballast  has 
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moved  the  centre  of  gravity  of  the  whole  ship  through  a 
certain  distance  GGi  parallel  to  the  deck,  and  it  is  this 
movement  of  the  centre  of  gravity  that  produces  the  inclina- 
tion. Suppose  a  to  be  the  angle  of  inclination  noted  on  the 
plumb-lines  when  the  ballast  W  has  been  moved  through 
the  transverse  distance  d.  Then  (since  GG^  is  perpendicular 
to  GM)  we  have, 

GGi=  GM  tan  a ;  or  GM  =  GGi  cot  a. 

And  if  GG  can  be  determined,  the  distance  of  the  centre 
of  gravity  below  the  known  position  of  the  metacentre  can 
be  found,  and  the  true  vertical  position  of  the  centre  of 
gravity  is  ascertained  for  the  experimental  condition  of  the 
ship.  Any  subsequent  corrections  consequent  on  the  removal 
of  the  baUast,  addition  of  water  in  the  boilers,  or  other 
alterations  in  the  condition  of  the  ship  when  fully  equipped, 
can  be  easily  made. 

The  value  of  GG,  can  be  readily  estimated  by  means  of  a 
simple  calculation,  the  character  of  which  may  be  better 

seen  by  means  of  an 

w  FIG  37.    ^  ir        ai^tration.     A  uni- 


c: 


-^^  form  lever  (Fig.  37) 

PIQ33  is   loaded  with    two 

p  --  ^        IZj|UBL      weights,  W,  placed  at 

A  A       ^Q         ^  equal  distances  from 

the  middle  ;  it  will 
then  balance  upon  a  support  placed  at  the  middle  (G)  of 
the  length.  Now  let  one  of  the  weights  W  be  moved  to 
the  opposite  end  (as  in  Fig.  38)  through  a  distance  d. 
Obviously  the  point  about  which  the  lever  will  balance 
(that  is,  th,e  centre  of  gravity  of  the  lever  and  the  weights 
W)  will  no  longer  be  at  the  middle,  but  at  some  point 
(G„  Fig.  38)  to  the  right  of  the  middle.  If  D  be  the  total 
weight  of  the  lever  and  the  weights  it  carries,  by  the 
simplest  mechanical  principle  it  follows  that 

D  X  GGi  =  W .  d;  whence  GG,  =  ^-. 


CHAP.  III.       STATICAL  STABILITY  OF  SHIPS,  79 


What  is  true  in  this  simple  case  is  true  also  for  the  ship ;  the 
line  GGi,  in  Fig.  36,  joining  the  old  and  new  positions  of  the 
centre  of  gravity,  must  be  parallel  to  the  deck-line,  across 
which  the  weight  W  is  moved,  and  the  above  expression  for 
GGi  holds.     Hence,  since 

GM  =  GGi  .  cot  a,  while  GG^  =  ^^, 

it  follows  that  w 

GM  =  y-  .  a  cot  a, 

an  equation  fully  determining  the  position  of  the  centre  of 
cravity  G  in  relation  to  the  known  vertical  position  of  the 
metacentre  M,  ascertained  by  calculation  from  the  drawings. 
As  an  example,  suppose  a  ship  for  which  the  displace- 
ment (D)  is  4000  tons  to  have  60  tons  of  ballast  placed  upon 
her  deck,  30  tons  on  each  side.  When  the  30  tons  (W)  on 
the  port  side  is  moved  to  starboard  through  a  transverse 
distance  of  40  feet  (d),  the  vessel  is  observed  to  rest  at  a 
steady  heel  of  7  degrees  from  her  original  position  of  rest. 
Then,  from  the  above  expression — 

GM  =^\  d  cot  a  = -^  X  40  X  cot  T 
D  4000 

=  ~X  8-144  =  2-43  feet. 

In  practice  it  is  usual  to  subdivide  the  ballast  on  each  side 
into  two  equal  piles,  and  to  make  four  observations  of  the 
inclinations  produced  by — 

(1)  Moving  one  pile  of  baUast  from  port  to  starboard  ; 

(2)  Moving  second  pile  of  ballast  from  port  to  starboard. 

These  two  piles  having  been  restored  to  their  original  places, 
the  plumb-lines  should  return  to  their  first  positions,  unless 
some  weights  other  than  the  ballast  have  shifted  during  the 
inclinations.  Then  two  other  inclinations  are  produced  and 
noted  by — 

(3)  Moving  one  pile  of  ballast  from  starboard  to  port ; 

(4)  Moving  second  pile  of  ballast  from  starboard  to  port. 

The  results  of  observations  (1)  and  (3),  (2)  and  (4),  should 
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agree  respectively  if  the  four  piles  of  ballast  are  of  equ 
weight,  and  if  the  distance  d  is  the  same  for  all ;  the  inclin 
tions  in  (2)  and  (4)  should  be  about  twice  those  in  (1)  ai 
(3).  The  values  of  GM  are  deduced  from  each  experimei 
and  the  mean  of  the  values  is  taken  as  the  true  value  of  tl 
metacentric  height  at  the  time  of  the  experiment.  Theni 
it  is  easy  to  deduce  the  metacentric  height  for  the  vessel 
her  fully  equipped  sea-going  condition,  or  in  any  oth 
assigned  condition. 

The  reason  for  great  caution  in  preventing  any  motion 
weights  on  board,  other  than  the  ballast,  during  the  i 
clining  experiment  will  appear  from  the  expre^on  giv( 
above  for  the  motion  (GG,)  of  the  centre  of  gravity.  Tl 
moment  due  to  the  motion  of  the  ballast  \id  is  comparative 
small ;  in  the  above  example,  which  is  a  fair  one, 

Wd  =  30  tons  X  40  feet  =  1200  foot-tons, 
and 

Now,  if  other  weights,  and  particularly  free  water  in  t 
bilges,  shift  as  the  ship  inclines,  their  aggregate  momei 
may  bear  a  considerable  proportion  to  W  .  rf,  and  so  t" 
estimated  value  of  GGi  may  be  less  than  the  true  one.  F 
example,  5  tons  of  water  free  to  shift  30  feet  in  a  trai 
verse  direction  would  have  a  moment  (5  x  30)  of  150  foe 
tons,  or  no  less  than  one-eighth  that  of  the  ballast,  and 
its  effect  were  imobserved  through  carelessness,  the  moti 
of  the  ballast  would  be  credited  with  producing  an  i 
clination  about  one-eiffhth  greater  than  it  could  produce 
acting  alone.  In  the  foregoing  example,  if  such  an  err 
had  been  made,  instead  of  writing  Wd  =  1200  foot-tons, 
should  have  been  1200  +  150  =  1*^50  foot-tons ;  so  that  t 
metacentric  height  would  have  been — 

G^  =  ^  X  cot  7°  =  g  X  8-14  =  2-75  feet. 
In  performing  inclining  experiments,  too  great  care  cann 
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therefore,  be  taken  to  ensure  that  no  other  weights  shall 
shift  than  those  made  use  of  to  produce  the  inclinations. 

The  preceding  illustration  also  serves  to  indicate  how 
the  statical  stability  of  a  ship  is  decreased  by  the 
presence  of  free  water  in  her  hold.  If  the  skin  of  the 
ship  is  intact,  the  water  in  the  hold  may  be  treated  as  a 
load  carried  in  her  bilges,  and  its  motion  towards  the 
side  to  which  the  ship  may  be  steadily  heeled  will  be 
equivalent  to  a  shift  of  the  centre  of  gravity  in  that  direc- 
tion, and  to  a  consequent  decrease  in  the  stability.  When 
^shifting  cargoes,"  such  as  grain,  are  carried,  there  is  a 
similar  tendency  to  produce  a  motion  of  the  centre  of 
gravity  towards  the  leeward  side,  especially  if  the  ship  is 
steadily  heeled  under  sail  for  a  considerable  time,  as  she 
might  be  in  the  region  of  the  trade  winds.  In  such  cases,  if 
the  inclining  forces  were  removed,  the  ship  would  obviously 
not  return  to  the  upri^t,  but  rest  in  an  inclined  position, 
determined  by  the  consideration  that  the  corresponding 
centre  of  buoyancy  shall  be  in  the  same  vertical  line  with 
the  shifted  position  of  the  centre  of  gravity.  At  present 
we  are  concerned  only  with  these  statical  conditions ;  but 
free  water  in  the  hold  of  a  ship  rolling  in  a  seaway  is 
much  more  likely  to  cause  danger. 

Damage  to  the  bottom  of  a  ship  may  be  so  serious  as  to 
admit  large  quantities  of  water  into  the  hold,  and  to  leave 
them  in  free  communication  with  the  water  outside.  This 
condition  of  things  as  a  possible  cause  of  foundering  has 
already  been  discussed  at  length ;  *  it  is  therefore  only 
necessary  to  refer  to  the  effect  upon  the  statical  stability  of 
a  ship  having  a  bilged  compartment.  Except  in  the  few 
cases  where  watertight  decks  or  platforms  form  tops  to  com- 
partments, it  may  be  said  that  the  bilged  compartment 
ceases  to  contribute  any  buoyant  water-line  area.  In  fact, 
taking  the  box-shaped  vessel  in  Fig.  11  (page  19)  as  an 
example,  the  effect  of  filling  the  compartment  is  to  reduce 


•  See  Chapter  I.  pages  12-14. 
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the  original  water-line  area  by  the  area  i^fg)  of  the  top  of 
the  compartment.  Now  it  has  been  explained  above  that 
the  vertical  position  of  the  metacentie  in  relation  to  the 
centre  of  buoyancy  depends  upon  the  form  and  area  of  the 
buoyant  water-line,  or  plane  of  flotation;  any  decrease 
therefore  in  area  must  be  accompanied  by  a  consequent 
decrease  in  the  height  of  the  metacentre  above  the  centre  of 
buoyancy.  But,  on  the  other  hand,  the  deeper  immersion  of 
the  ship,  when  the  compartment  is  bilged,  leads  to  a  rise 
in  the  position  of  the  centre  of  buoyancy  in  the  ship.  The 
difference  between  this  fall  of  the  metacentre  and  rise  of  the 
centre  of  buoyancy  measures  the  alteration  in  the  meta- 
centric height ;  and,  for  angles  up  to  10  or  15  degrees  in 
ships  of  ordinary  form,  will  give  a  fair  measure  of  the  change 
of  stiffness  produced  by  filling  the  compartment.  In  some 
cases  (and  almost  invariably  where  a  midship  compartment 
is  damaged)  the  stability  is  decreased ;  in  others  it  is  in- 
creased. Without  an  investigation  it  is  frequently  not  easy 
to  determine  the  true  character  of  the  change.  The  difference 
between  this  case  and  that  where  water  in  the  hold  is  not  in 
free  communication  with  the  water  outside  lies  principally 
in  the  fact  that  with  a  damaged  bottom,  if  there  be  no  hori- 
zontal watertight  partition  above  the  level  of  the  hole,  the 
water  in  the  bilged  compartment  always  maintains  the  same 
level  as  that  of  the  water  outside  when  the  ship  is  held 
steadily  in  any  position.  Having,  therefore,  determined  by 
this  condition  how  much  water  will  enter  the  damaged  com- 
partment, if  we  then  conceive  the  bottom  to  be  made  good, 
and  the  compartment  to  contain  that  quantity  of  water,  the 
statical  stability  of  the  ship  may  be  estimated  at  any  angle 
of  inclination  to  which  the  metacentric  method  applies  in  the 
same  manner  as  was  explained  above  for  a  vessel  having  free 
water  in  tlie  hold  and  the  bottom  intact. 

When  other  tlian  statical  conditions  come  into  operation, 
as,  for  instance,  when  a  ship  is  rolling  rapidly  in  a  seaway, 
it  itt  important  to  distinguish  between  the  cases  of  free  water 
contained  within  an  imdamaged  skin  and  of  water  admitted 
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to  the  interior  by  fracture  of  the  bottom.  And,  further,  it  is 
necessary  to  distinguish  between  the  cases  of  serious  and 
slight  damage  to  the  bottom  when  dealing  with  the  ship  in 
motion,  whereas  no  such  distinction  is  necessary  in  discuss- 
ing the  stability  for  a  steady  heel.  When  held  at  a  steady 
heel,  free  water  in  the  hold  will  adjust  its  surface  horizontally, 
even  if  there  be  some  obstruction  to  the  motion  of  the  water 
towards  this  position  of  rest ;  but  if  the  ship  is  in  motion 
and  changing  her  position  rapidly,  the  element  of  time  has 
to  be  considered,  and  the  free  water  contained  within  an 
undamaged  skin  may  not  move  rapidly  enough  as  compared 
with  the  motions  of  the  ship  to  maintain  the  horizontality 
of  its  surface.  Similarly,  when  the  ship  is  held  at  a  steady 
heel,  it  does  not  make  any  diflTerence  whether  a  hole  in 
the  bottom  of  a  bilged  compartment  is  large  or  small ;  the 
final  result  will  be  that  the  compartment  will  be  filled  up  to 
the  level  of  the  water  outside.  But  the  time  taken  in  filling 
the  compartment,  or  allowing  any  quantity  of  water  to  pass 
through  the  hole,  of  course  depends  upon  the  size  and  situa- 
tion of  the  hole  in  the  bottom  ;  and  therefore,  when  a  ship 
is  in  motion,  and  the  volume  of  any  compartment  up  to  the 
level  of  the  water  outside  may  be  constantly  changing,  there 
is  a  marked  difference  between  the  stability  in  the  cases  of 
slight  and  serious  damage.  In  the  latter  it  may  be  assumed 
that  the  level  of  the  water  in  the  compartment  remains  co- 
incident with  that  of  the  water  outside  throughout  the  motion ; 
but  with  a  small  hole  in  the  bottom  this  will  not  be  true. 

It  will  be  only  necessary  to  refer  once  more  to  Figs.  15- 
17  (pages  27,  28)  in  order  to  illustrate  the  beneficial  effect 
upon  the  statical  stability  of  horizontal  watertight  platforms. 
When  the  compartment  above  the  flat  pq  in  Fig.  17  is  filled, 
the  stiffaess  of  the  box-shaped  vessel  is  less  than  before  the 
damage  occurred ;  owing  to  the  loss  in  buoyant  water-line  area 
bringing  down  the  metacentre  more  than  is  compensated  for 
by  the  rise  in  the  centre  of  buoyancy.  When  the  compart- 
ment below  the  flat  pq  in  Fig.  16  is  filled,  there  is  no  loss 
of  buoyant  water-line  area,  and  consequently  no  fall  in  the 
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metacentre  relatively  to  the  centre  of  buoyancy,  while  the 
latter  point  rises,  owing  to  the  deeper  immersion,  the  final 
result  being  an  increase  in  stifiEaess  as  compared  with  the 
undamaged  vessel. 

Longitudinal  bulkheads,  such  as  are  shown  in  Fig.  14, 
page  26,  are  very  valuable  aids  to  the  maintenance  of  trans- 
verse stability  when  there  is  free  water  in  the  hold,  by 
limiting  the  transverse  shift  of  that  water  as  the  vessel 
becomes  inclined,  as  well  as  by  limiting  the  quantity  of 
water  admitted  by  damage  to  the  bottom.  When  ships  are 
rolling,  the  advantage  of  such  bulkheads  is  still  greater  than 
when  they  are  steadily  heeled,  as  the  bulkheads  prevent  the 
wash  of  water  from  side  to  side,  which  is  a  necessary  accom- 
paniment of  rolling  in  a  ship  with  no  similar  obstructions  to 
the  motion  of  the  water. 

Double-bottom  compartments  (such  as  those  described  in 
Figs.  20-25,  page  30)  are  commonly  used  for  water  ballast. 
The  spaces  below  the  watertight  longitudinals  (a.  Figs.  21- 
25)  at  the  bilges  are  generally  employed  for  this  purpose, 
arrangements  being  made  for  readily  filling  or  emptying 
these  spaces.  It  is  most  important  that  the  compartments 
used  for  water  ballast  should  be  quite  full ;  otherwise,  some 
motion,  and  consequently  a  decreased  stability,  wUl  result 
as  the  ship  becomes  inclined.  When  so  filled,  the  weight 
of  water  ballast  in  the  compartments  may  be  treated  as  if 

it  were  solid  ballast,  not 
FIG  39.  capable  of  any  shift,  in 

estimating  the  change  in 
the  stability  produced  by 
its  addition. 

A  ready  rule  for  esti- 
mating the  change  in  the 
metacentric  stability  or 
stifibiess  of  a  ship  produced 
by  adding  or  removing 
weights,  of  which  the  ver- 
tical positions  are  known,  will  be  useful.     Suppose  Fig.  39 
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to  represent  a  case  where  weights  amounting  in  the 
aggregate  to  W  tons  have  been  put  on  board  a  ship,  with 
their  centre  of  gravity  h  feet  above  the  water-line  (WiLj) 
at  which  the  ship  floated  before  the  weights  were  added. 
Let  G  be  the  original  position  of  the  centre  of  gravity  of 
the  vessel,  and  M  the  metacentre  corresponding  to  the 
water-line  WjL^ ;  then,  if  D  be  her  displacement  to  that 
line,  her  stability  for  some  angle  a  within  the  limits  to 
which  the  metacentric  method  applies  will  have  been 

Moment  of  statical  stability  =  D  x  GM  sin  a. 

The  addition  of  the  weights  W  will  increase  the  immersion  of 
the  ship  by  a  certain  amount,  which  can  be  estimated  by  the 
method  of  "  tons  per  inch  "  explained  in  Chapter  I.  It  may 
be  assumed,  however,  that  commonly  the  weights  added 
are  comparatively  so  small  that  their  addition  will  only 
immerse  the  vessel  a  few  inches;  and  consequently  the 
centre  of  gravity  of  those  weights  may  be  fixed  relatively  to 
the  original  water-line  WjLi.*  Their  moment  about  WiL, 
will  be  =  W  X  A  foot-tons ;  and  then  the  expression  for  the 
statical  stability  at  the  angle  a  will  become  altered  by  the 
addition  of  the  weights  to 

I.  Moment  of  statical  stability  =  (D  x  GM  —  W  x  A)  sin  a. 

Had  the  weights  W  been  placed  with  their  centre  of  gravity 
at  a  distance  h  helow  WjL,,  the  stability  would  have  been 
increased  by  the  amount  WA  sin  a,  and 

IL  Moment  of  statical  stability  =  (D  x  GM+ W  x  A)  sin  a. 

Conversely,  if  weights  are  removed  from  above  the  water-line 
W,L,  (say,  W  tons  at  a  height  h  feet),  the  stability  of  a  ship 
is  increased  by  the  change,  and  for  an  angle  a 

m.  Moment  of  statical  stability  =  (D  x  GM+ W  x  A)sina. 


*  Strictly  speaking,  the  distance  h  zone  of  displacement  lying  between 

should  be  measured  in  most  cases,  that  water-line  and  WL.     In  some 

not  from  the  water-line  WiL],  but  cases,  h  should  be  measured  from 

from  the  centre  of  gravity  of  the  the  metacentra 
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Whereas,  if  the  same  weights  are  removed  from  an  equal 
distance  hdow  WL,  the  stability  is  decreased ;  and 

IV.  Moment  of  statical  stability  =  (D  x  GM  —  W  x  A)  sin  a. 

As  an  example,  suppose  a  ship  of  6000  tons  displacement, 
with  a  metacentric  height  (GM)  of  3^  feet,  to  have 
additional  gims,  weighing  50  tons,  placed  on  her  upper 
deck,  their  common  centre  of  gravity  being  18  feet  above 
water.    Rule  I.  applies,  and  we  have,  for  an  angle  a, 

Original  moment  of  statical 


stability 


=  6000  tons  X  3:r  feet  x  sin  a 

=  19,500  (foot-tons)  x  sin  a. 

Moment  of  statical  stability) 

after  the   addition   of  the  I  =  (19,500  -  50  x  18)  sin  a 

weights I 

=  18,600  (foot-tons)  x  sin  a. 

Suppose  the  same  ship  to  have  100  tons  of  water  ballast 
added,  instead  of  the  guns,  the  centre  of  gravity  of  the 
ballast  being  16  feet  below  the  water-line.  Then  Rule  II. 
applies,  and  the  stability  is  increased,  becoming  for  angle  a 

Altered   moment    of   statical)      /,n-A/^  .  i/^a     iz»x    • 
, .,.  I  =  (19,o00  + 100  X  16)  sin  a 

=  21,100  (foot-tons)  X  sin  a. 

It  is  unnecessary  to  give  illustrations  of  the  remaining  rules 
for  the  removal  of  weights. 

When  the  vertical  positions  of  weights  already  on  board 
a  ship  are  changed,  the  result  is  simply  a  change  in  the 
position  in  the  centre  of  gravity  of  the  ship ;  for  obviously 
the  displacement  and  position  of  the  metacentre  remain 
unaltered,  since  there  is  no  addition  or  removal  of  weights. 
The  shift  of  the  centre  of  gravity  can  be  readily  estimated 
by  the  rule  already  given  (on  page  78).  Suppose  the  total 
weight  moved  to  be  w,  and  the  distance  through  which  it 
has  been  raised  or  lowered  to  be  A,  then,  if  GG,  be  the  rise 
or  fall  in  the  centre  of  gravity, 

f^f^         w  .  h 
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where  D  is  the  total  displacement  of  the  ship.  If  GM  was 
the  origiaal  height  of  the  metacentre  above  the  centre  of 
gravity,  for  an  angle  a  within  the  limits  to  which  the  meta- 
centric method  applies. 

Original  moment  of  statical  stability  =  D  x  GM  x  sin  a. 
Altered  moment  of  statical  stability  =  D  (GM  ±  GG,)  sin  a. 

The  alteration  is  an  increase  when  the  weights  are  lowered ; 
a  decrease  when  the  weights  are  raised.  As  an  example, 
take  the  ship  previously  used ;  and  suppose  spars,  &c.,  weigh- 
ing together  10  tons,  to  be  lowered  70  feet.     Then 

GGi  (fall  of  centre  of  gravity)  =    ^^  =  --  foot. 

Original  moment  of  statical 
stability  (as  before) 


=  19,500  foot-tons  x  sin  a. 


Altered  moment   of  statical)      ^^^a  //q  1   i    7  \    . 
^  ,  ...  >  =  6000  (  (3|-4-_-  )  sm  a 

stability )  V       ^60/ 

=  20,200  foot-tons  x  sin  a. 

These  constitute  the  most  important  practical  applications 
of  the  metacentric  method  to  the  stability  of  ships  inclined 
transversely.  Attention  must  next  be  turned  to  longitudinal 
inclinations,  or  changes  of  trim. 

The  process  by  which  the  naval  architect  estimates 
changes  of  trim  produced  by  moving  weights  already  on 
board  a  ship  is  identical  in  principle  with  the  inclining 
experiment  described  above ;  only  in  this  case  he  makes  use 
of  a  metacentre  for  longitudinal  inclinations  (or,  as  it  is 
usually  termed,  the  "longitudinal  metacentre"),  instead  of 
the  transverse  metacentre  with  which  we  have  hitherto  been 
concerned.  The  definition  of  the  metacentre  already  given 
for  transverse  inclinations  is,  in  fact,  quite  as  applicable 
to  inclinations  in  any  other  direction,  longitudinal  or  skew ; 
but  it  has  already  been  explained  that,  as  the  transverse 
stability  of  a  ship  is  her  minimum,  while  the  longitu- 
dinal stability  is  her  maximum,  only  these  two  need  be 
considered. 
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The  contrast  between  transverse  and  longitudinal  stability 
cannot  be  better  shown  than  by  the  statement  that,  whereas 
the  "  metacentric  height "  for  transverse  inclinations  varies 
from  2  to  14  feet,  the  corresponding  height  for  longitudinal 
inclinations  usually  approximates  to  equality  with  the  length 
of  the  skip,  in  some  classes  exceeding  it  by  20  or  25  per 
cent.,  and  in  others  falling  below  the  length  by  10  or  15 
per  cent.  The  Warrior,  for  example,  has  a  longitudinal 
metacentric  height  of  about  475  feet  against  a  transverse 
metacentric  height  of  4*7  feet.  To  incline  her  10  degrees 
longitudinally  would  require  a  moment  one  hundred  times 
as  great  as  would  produce  an  equal  inclination  transversely. 
Or,  to  state  the  contrast  differently,  the  moment  which 
would  hold  the  ship  to  a  steady  heel  of  10  degrees  would 
only  incline  her  longitudinally  about  ^  degree,  equivalent 
to  a  change  of  trim  of  6  or  8  inches  on  a  length  of  380  feet 


nG40. 

is- 


■tSS'jrri&ar; 


In  Figs.  40,  41,  are  given  illustrations  of  the  change  of 
trim  produced  by  moving  weights  already  on  board  a  ship ; 
but,  before  proceeding  further,  it  may  be  well  to  repeat  the 
explanation  given  in  an  earlier  chapter  of  the  term  '*  change 
of  trim."  The  difference  of  the  draughts  of  water  forward 
and  affc  (which  commonly  takes  the  form  of  excess  in  the 
draught  aft)  is  termed  the  trim  of  the  ship.  For  instance, 
a  ship  drawing  23  feet  forward  and  26  feet  aft  is  said 
to  trim  3  feet  by  the  stem.  Suppose  her  trim  to  be 
altered,  so  that  she  draws  24  feet  forward  and  25  feet  aft, 
the  "  change  of  trim  "  would  be  2  feet,  because  she  would 
then  trim  only  one  foot  by  the  stem.  In  short,  "  change 
of  trim "  expresses  the  sum  of  the  increase  in  draught 
at  one  end  and  decrease  in  draught  at  the  other ;   so  that. 
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if  the  vessel  be  inclined  longitudinally  through  an  angle  a, 
and  L  be  her  length. 

Change  of  trim  =  L  x  tan  a. 

Suppose  the  height  of  the  longitudinal  metacentre  above 
the  centre  of  gravity  to  be  GM,  as  in  Fig.  41,  then,  when 
the  weight  w  is  shifted  longitudinally  along  the  deck  from 
A  to  C  through  a  distance  J,  we  shall  have,  by  similar  rea- 


fAf 


soning  to  that  given  in  the  case  of  the  inclining  experiment, 
the  centre  of  gravity  moving  parallel  to  the  deck,  and 


also 


Shift  of  centre  of  gravity  (G61)  =      '     ; 

GGj  =  GM  tan  a  =      '     ;  whence  tan  a  =  pr — ^j-^  ; 

D  D  X  GM 


and  from  the  above  expression. 

Change  of  trim  =  L  x  tan  a= -^^ —  X 


D      '  GM* 

Take  the  case  of  the  Warrior^  for  which,  at  a  draught  of 
25  J  feet,  length  =  L  =  380  feet ;  metacentric  height  =  GM 
=  475  feet ;  displacement  =  8625  tons.  Suppose  a  weight 
{w)  of  20  tons  to  be  shifted  longitudinally  100  feet. 

Change  of  trim  =         ^^     X  -^^  =  -186  foot  =  2\  inches. 

It  is  usual  to  obtain  for  a  ship  the  value  of  the  '^  moment 
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to  change  the  trim  one  inch,"  when  floating  at  the  loi 
draught;  and  then  for  changeB  of  trim  np  to  2  or  ft  ft 
no  great  error  is  involved  in  assuming  that  for  a  chan 
of  trim  of  any  number  of  inches  the  moment  required  « 
oqua]  that  number  of  times  the  moment  which  will  chan 
the  trim  one  inch.     Substituting  in  the  equation, 

%B  .  A         L 


Change  of  trim  =  - 


■  GM' 


one  inch  as  change  of  trim  (i.e.  ^  foot),  we  have, 


Vl" 


GM 


whence  w  .  A- 


GM 
L  • 


Here  'wi  =  moment  to  change  trim  one  inch ;  and  su 
the  height,  GM,  approaches  to  equality  with  the  length, 
in  vessels  of  moderate  proportions  and  fineness,  the  foIl( 
ing  rule  holds  with  a  fair  degree  of  approximation : 
"  The  moment  to  change  the  trim  of  a  ship  one  inch — tl 
"  is,  the  product  of  the  weight  moved  by  the  longitudii 
"distance  it  is  shifted — will  very  nearly  equal  (in  fo 
"  tons)  one-twelfth  of  the  ship's  displacement  (in  tons)." 
long  fine  vessels  like  the  Warrior,  this  rule  will  g 
results  rather  below  the  truth,  because  GM  is  greater  tl 
L,  whereas  in  short  full  ships  its  results  will  be  rathei 
excess,  because  G5I  is  less  than  L.  In  the  Warrior, 
example,  where  the  metacentric  height  is  proportionat 
great,  -^  x  D  =  718  ;  whereas  the  moment  to  change  ti 
one  inch  is  898  foot-tons.  In  the  Hotspur,  on  the  coutre 
■jijj  X  D  =  334 ;  whereas  the  moment  to  cliange  trim  is  '< 
foot-tons,  the  metacentric  height  in  this  case  being  211  fi 
and  the  length  235  feet. 

The  conditions  are  rather  more  complicated  when  weig 
are  to  be  added  to  a  ship,  being  placed  with  their  centre 
gravity  in  a  certain  known  position,  and  it  is  required 
determine  the  resultant  draughts  of  water  at  the  bow  i 
stem.  A  good  approximation  may,  however,  be  made 
follows,  supposing  that  the  weights  added  are  small  wi 
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compared  with  the  total  weight  of  the  ship — a  supposition 
which  will  be  fair  in  most  cases.  First,  suppose  the 
weights  to  be  placed  on  board  directly  over  the  centre  of 
gravity  of  the  load-line  section  of  the  ship ;  then  the  vessel 
will  sink  bodily  without  change  of  trim,  until  she  reaches  a 
draught  giving  an  addition  to  the  displacement  equal  to  the 
weights  added.  This  can  be  estimated  by  the  method  of 
tons  per  inch  immersion  previously  explained.  The  centre 
of  gravity  of  the  load-line  section,  or  plane  of  flotation, 
usually  lies  a  few  feet  abaft  the  middle  of  the  length  of  the 
ship  at  the  water-line,  say,  from  one-thirtieth  to  one  fiftieth 
of  the  length  abaft  the  middle.  Having  supposed  the 
weights  concentrated  over  this  point,  the  next  step  is  to 
distribute  them,  moving  each  to  its  desired  position ;  each 
weight  is  multiplied  by  the  distance  it  would  have  to  be 
moved  either  forward  or  aft,  and  the  respective  sums  of  the 
products  forward  and  aft  being  obtained,  their  difference 
is  ascertained,  this  difference  constituting  the  "  moment  to 
change  trim."  The  final  step  is  to  estimate  the  residtant 
change  of  trim  due  to  this  moment  by  the  metacentric 
method  previously  explained.  For  example,  take  the 
WarrioTy  and  suppose  the  following  weights  to  be  placed  on 
board: — 


Distance  from 

Weight, 

Centre  of  Gravity 

Products.              1 

of  Plane  of  Flotation. 

Tons. 

Feet. 

Before. 

Abaft. 

10 

140] 

(    1400 

•  • 

30 
20 

120 
40 

Before    . 

3600 
800 

•  • 

•  • 

40 

5J 

I      200 

•  • 

60 

^> 

•  • 

480 

50 
25 

60 
100 

Ahaft     . 

m  • 
•  • 

3000 
2500 

15 

120  J 

\                  •  • 

1800 

250 

•  • 

6000 

7780 

MomeE 

6000 

it  to  chan{;c 

J  trim  (by  1 

the  stem) 

1780 
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Moment  to  change  trim  one  inch  (say)     =  890  foot-tons ; 

.*.   Change  of  trim  =  -^^  =  2  inches ; 

Increase  in  mean)     Weights  added  _  250  _  ^  .    , 
draught    .      .J       Tons  per  inch        41  "" 

If  the  original  draught  of  water  was  25  feet  forward,  and 
26  feet  aft,  mean  25|  feet,  the  altered  mean  draught  will 
be  26  feet,  and  the  corresponding  draught  forward  will  be 
about  25  feet  5  inches  and  aft  26  feet  7  inches.* 


A  vessel  partially  water-borne  and  partly  aground  loses 
stability  as  compared  with  her  condition  when  afloat.  One 
of  the  commonest  illustrations  of  this  fact  is  found  in  the 
case  of  boats  run  bow-on  to  a  shelving  beach ;  and  instances 
are  on  record  where  vessels  in  dock  have  been  upset,  in  con- 
sequence of  a  similar  loss  of  stability,!  when  just  taking  the 
blocks,  and  not  supported  by  side-shores,  while  the  water  was 
being  admitted  to  or  pumped  out  of  the  docks.  For  our  present 
purpose  it  will  suffice  to  indicate  in  general  terms  the  condi- 
tions influencing  the  loss  of  stability.  When  afloat,  the  ship  is 
wholly  supported  by  the  buoyancy  due  to  the  water  she  dis- 
places ;  when  her  keel  touches  the  blocks  or  ground,  she  is 
partly  supported  by  the  upward  pressure  at  that  point,  the 
remainder  of  her  weight  being  supported  by  the  water  then 
displaced,  which  is  by  supposition  less  than  the  total  dis- 
placement due  to  her  weight.    Having  given  the  height  to 


*  To  be  exact,  the  alterations  in 
draught  forward  and  aft  should  be 
proportioned  to  the  distances  of  the 
centre  of  gravity  of  the  water-line 
plane  from  bow  and  stern. 

t  A  well  known  case  is  that  of 
her  Majesty's  troopship  Perseve- 
rance, which  fell  over  on  her  side 
when  bciug  undocked  at  Woolwich 
some  years  ago.  The  matter  was 
fully  investigated  at   the  time  by 


Mr.  Barnes  (now  Surveyor  of  Dock- 
yards at  the  Admiralty),  and  he  has 
since  contributed  an  article  on  the 
same  subject  to  the  Annual  of  the 
Royal  School  of  Naval  ArchUee- 
tare  (see  page  86  of  Na  4).  To 
this  article,  readers  desirous  of  fully 
understanding  the  jnathematiaLl 
treatment  of  the  case  may  turn 
with  advantage. 
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which  the  water  rises  on  the  ship  at  any  instant,  it  is  easy 
to  estimate  the  corresponding  buoyancy ;  then  the  diflFerence 
between  it  and  the  weight  of  the  ship  measures  the  pressure 
at  the  point  of  contact,  and  corresponds  to  the  buoyancy 
contributed  by  the  volume  of  the  ship  lying  between  her 
load-line  when  afloat  and  the  actual  water-line  at  the  time 
she  is  partly  water-borne.  What  has  really  been  done, 
therefore,  is  to  transfer  the  buoyancy  of  this  zone  (acting 
through  the  centre  of  gravity  of  the  zone)  down  to  the 
point  of  contact  of  the  keel  with  the  ground.  And  when 
the  vessel  is  inclined  through  a  small  angle  from  the  up- 
right, this  pressure  actually  tends  to  upset  her,  whereas  the 
buoyancy  it  has  replaced  would  usually  tend  to  right  her. 
Hence  the  decreased  stability. 

It  is  possible  to  obtain  a  ready  rule  for  estimating  the 
loss.    Suppose — 

P  =  pressure  of  end  of  keel  on  ground ; 

A  =  height  of  centre  of  gravity  of  the  aforesaid  zone  above 

the  point  of  contact  of  the  keel  and  ground ; 
W  =  total  weight  of  ship. 

Then  mathematical  investigation  shows  that — 

Loss  of  metacentric  height  (GM)  due  to  partial  1     PA 
grounding j~W' 

Take  as  an  example  the  case  of  the  Perseverance.  Mr. 
Barnes  estimates  that  the  degradation  of  the  metacentre  in 
that  case  was  about  6  inches.  The  data  were : — P = 51  tons ; 
W  =  1303  tons ;  A  =  13  feet. 

51  X 13 
.'.  Loss  of  metacentric  height  =    ......o   =  6  inches  (about). 

Vessels  having  a  very  considerable  normal  trim  by  the 
stem  are  most  liable  to  this  kind  of  accident,  and  the 
upsetting  tendency  due  to  the  pressure  reaches  its  maximum 
when  the  vessel  is  about  to  take  the  ground  along  the  whole 
length  of  the  keeL  The  practical  method  of  guarding 
i^ainst  such  accidents  of  course  consists  in  carefully  shoring 
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or  otherwise  supporting  the  vessel  externally,  in  order  to 
prevent  her  from  upsetting. 

Up  to  this  point  attention  has  been  directed  exclusively 
to  the  stability  of  ships  inclined  to  angles  lying  within  the 
limits  to  which  the  metacentric  method  applies.  For 
longitudinal  inclinations,  except  in  very  special  cases, 
nothing  further  is  required  ;  but  for  transverse  inclinations 
it  is  necessary  to  ascertain  the  statical  stability  at  greater 
angles,  and  to  determine  the  inclination  at  which  the  ship 
becomes  unstable.  The  general  principles  previously  laid 
down  for  determining  the  moment  of  the  couple  formed  by 
the  weight  and  buoyancy  apply  to  all  angles  of  inclination ; 
and  it  is  consequently  only  necessary  to  fix  for  any  angle 
the  vertical  line,  passing  through  the  centre  of  buoyancy, 
along  which  the  resultant  upward  pressure  of  the  water  acts. 
This  is  done  by  calculation  from  the  drawings  of  a  ship,  and 
involves  considerable  labour ;  but  the  principle  upon  which 
it  is  based  may  be  simply  explained.  Fig.  42  shows  the 
cross-section  of  a  ship  which,  when  upright,  floated  at  the 
water-line  W,L,,  having  the  volume  of  displacement  indi- 
cated by  WiXLi,  and  the  centre  of  buoyancy  B,.  When 
inclined  as  in  the  diagram,  WL  is  the  water-line,  WXL 
the  volume  of  displacement,  and  B  the  corresponding  centre 
of  buoyancy.  Since  the  displacement  remains  constant,  the 
volumes  WXL  and  WiXLj  are  equal,  and  they  have  the 
common  part  WSLjXW.  Deducting  this  common  part, 
the  remainder  (WiSW)  of  the  volume  WjXLj  must 
equal  the  remainder  (LSL,)  of  the  volume  WXL ;  or,  as 
it  is  usually  stated,  the  wedge  of  immersion  LSL,  must 
equal  the  wedge  of  emersion  WiSW.  In  other  words,  the 
inclination  of  the  vessel  has  produced  a  change  in  the  form 
of  the  displacement  equivalent  to  a  transfer  of  the  wedge 
WSWi  to  the  equal,  but  diflFerently  shaped,  wedge  LSLj. 
This  is  obviously  a  paraUel  case  to  that  of  the  lever  ex- 
plained on  page  78.  In  Fig.  42,  let  gi  be  the  centre  of 
gravity  of  the  wedge  of  emersion,  ^2  that  of  the  wedge  of 
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immersion,  and  v  the  volume  of  either  wedge ;  then  what 
has  been  done  is  equivalent  to  a  transfer  of  this  volume  v  to 
the  immersed  side,  into  the  position  having  ^2  for  its  centre 
of  gravity.  The  moment  due  to  this  shift  =  t;  x  gig2 ;  and 
its  consequence  is  a  motion  of  the  centre  of  gravity  of  the 
total  volume  of  displacement  V  from  the  original  position, 
Bi,  to  the  new  one,  B,  the  line  BjB  being  parallel  to  g^g.^^ 

V 

and  the  length  BBj  =  ^  X  gig2' 


FIG  42. 


uiu.  umv 


It  thus  becomes  obvious  that,  when  the  positions  of  the 
centres  of  gravity  of  the  wedges  (gi  and  g.^)  for  any  incli- 
nation are  known,  the  new  position  of  the  centre  of  buoy- 
ancy (B)  can  be  determined  with  reference  to  its  known 
position  (B,)  when  the  ship  is  upright.  And  this  is 
virtually  the  process  adopted  in  the  calculation.  If  BjR 
be  drawn  perpendicidar  to  BM,  Fig.  42,  and  gjii,  g.Jh  per- 
pendicular to  WL,  then,  by  the  same  principle  as  is  used 

V 

above,  the  length  BiR  =  yX  hJh. 
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Also,  if  the  angle  of  iQcIination  WSW,  be  called  a, 
GZ  =  BiIl-B,G8ma, 
and,  conBeqaently, 

Moment  of  statical  etabUity  =  V  x  GZ  =  V(B,R  -  B,G  Bin  a) 
=  «  X  iiAj -V  X  BiG  Bin  o. 

This  expression  for  the  righting  moment  (in  terms  of  the 
Tolxune  of  displacement)  is  known  as  "  Atwood's  formola," 
and  is  commonly  employed  in  constmcting  "  curves  of 
stability." 

FIG.43. 


A^M    vf   McfikllbK. 


Fig.  48  shons  the  method  of  constmction  for  such  a  carve. 
On  the  base  Line  OPX  degrees  of  inclination  are  set  oS* 
on  a  certain  scale,  0  corresponding  to  the  upright ;  the  ordi* 
Date  of  the  curve  drawn  perpendicular  to  the  base-line  at 
any  point  measures,  on  a  certain  scale,  the  "arm  of  the 
righting  couple  "  (GZ)  for  the  corresponding  angle  of  incli- 
nation. Thus,  OP  represents  an  inclination  of  50  degrees; 
and  the  corresponding  ordinate  PN  represents  the  length  of 
the  arm  of  the  couple  fonned  by  the  weight  and  buoyancy 
at  that  inclination.  By  calculation  successive  values  of 
GZ  are  found  for  inclinations  differing  by  an  interval 
of  8  or  10  degrees ;  and  the  curve  is  drawn  through  the 
tops  of  the  ordinates  thus  found.  Measorement  of  the 
ordinatcs  renders  any  calculation  unnecessary  for  inclina- 
tions  other  than  thoxe  made  use  of  in  drawing  the  curve. 
It  will  be  obHerve<i  that,  starting  from  the  upright  position, 
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the  stability  gradually  increases,  reaches  a  maximum  value, 
and  then  decreases,  finally  reaching  a  zero  value  (where 
the  curve  crosses  the  base-line)  at  the  inclination  where  the 
ship  becomes  unstable.  The  preceding  explanation  of  the 
causes  governing  the  position  of  the  centre  of  buoyancy 
will  furnish  the  reason  for  this  gradual  increase  and  after 
decrease  in  the  stability.  The  length  (OX)  measuring  the 
inclination  at  which  the  ship  becomes  unstable  determines 
what  is  known  as  the  range  of  stability  for  the  ship,  and  this 
is  an  important  element  of  safety. 

One  of  the  simplest  illustrations  of  a  curve  of  stability 
is  that  for  the  cigar-ship  shown  in  section  by  Figs.  32, 
33,  pag^  75.  In  such  vessels,  as  previously  explained,  for 
any  angle  a,  GZ  =  GM  sin  a,  and  the  curve  of  stability 
is  constructed  by  simply  setting  up,  at  any  point  on  the 
base-line,  a  length  representing  the  sine  of  the  angle  of 
inclination  corresponding  to  that  point.  Fig.  43  shows 
this  curve.  The  range  is  180  degrees;  the  maximum 
stability  is  reached  at  90  degrees,  and  the  curve  is 
symmetrical  about  its  middle  ordinate.  Variations  in  the 
values  of  the  metacentric  height  (GM)  affect  all  the 
ordinates  of  the  curve  in  the  same  proportion. 

Ship-shaped  forms  are  less  easy  to  deal  with;  but  a 
brief  explanation  of  the  causes  chiefly  influencing  the 
form  and  range  of  curves  of  stability  in  ships  will  be  of 
value.  These  causes  may  be  grouped  under  the  following 
heads:  —  (1)  Freeboard;  (2)  beam;  (3)  the  vertical 
position  of  the  centre  of  gravity.  Both  freeboard  and 
beam  are  of  course  relative  measures,  and  should  be  com- 
pared with  the  draught  of  water.  Before  giving  any 
illustrations  of  curves  of  stability  for  actual  ships,  a  few 
simple  examples  may  be  taken  from  box-shaped  vessels 
in  order  to  show  the  relative  influence  of  the  above- 
mentioned  features.  The  following  cross-sections  will  serve 
the  purpose : — 
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Dimenaioni. 

So.l. 

No.  2. 

No.  3. 

Fnl. 

F«i. 

Fert. 

Beam 

50i 

60i 

57  J 

Draught 

21 

21 

21 

freebonrd 

6) 

lai 

6t 

Metacenlrio  height  (GM) 

a-6 

2-6 

5 

Taking  No.  1  as  a  standard  for  compariBon,  its  curve  of 
stability  is  shown  by  A  in  Fig.  44.  The  effect  of  adding 
7  feet  to  the  freeboard — supposing  the  centre  of  gravity 
to  be  unchanged  in  position — is  seen  by  comparing  the  curve 
of  stability  B  for  No.  2  with  the  curve  A. 


Ai>^l»»  «f  IitAitiatiaK 


Similarly,  the  effect  of  adding  7  feet  to  the  beam  is 
seen  by  comparing  the  curve  of  stability  0  for  No.  3  with 
the  other  two  curves.  Only  a  few  further  words  of  explana- 
tion will  be  necessary. 

At  an  inclination  of  14^  degrees,  the  "deck-edge,"  or 
angle,  of  No.  1  will  be  immersed ;  for  No.  2  the  correspond- 
ing inclination  is  nearly  doubly  as  great,  viz.  27^  degrees. 
Fig.  Ml  shows  No,  2  with  its  deck-edge  "awash."  Fig,  46 
shows  No.  1  at  the  same  inclination,  with  a  considerable 
portion  of  its  deck  immersed.  Up  to  the  inclination  whes 
the  dock-edge  of  either  vessel  ia  just  immersed,  the  centre 
of  buoyancy  It  moves  steadily  outward  in  relation  to  the 
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centre  of  gravity  as  the  inclination  increases,  in  consequence 
of  the  gradual  increase  in  the  volume  of  the  wedges  of  im- 
mersion and  emersion,  and  in  the  distance  g^gi  between  their 
centres  of  gravity.  But  after  the  deck  goes  under  water,  this 
outward  motion  of  the  centre  of  buoyancy  relatively  to  the 
centre  of  gravity  becomes  slower,  or  is  replaced  by  a  motion 
of  return,  in  consequence  of  the  decrease  in  the  distance 
OiOi  between  the  centres  of  gravity  and  the  less  rapid  growth 


Ffa45. 


FIG  46. 


of  the  volumes  of  the  wedges.  The  increase  in  value  of  the 
term  BiG  sin  a  in  the  formida, 

V  X  GZ  =  t;  X  AA- V.  BG  sin  a, 

also  tends  to  diminish  GZ  as  the  inclination  increases. 
The  greater  the  angle  of  inclination  corresponding  to  the 
immersion  of  the  deck-edge — in  other  words,  the  higher  the 
ratio  of  freeboard  to  breadth — the  greater  will  be  the  incli- 
nation at  which  the  statical  stability  reaches  its  maximum 
value.  Up  to  14^  degrees,  the  curves  A  and  B  in  Fig.  44 
are  identical;  but  then  B  continues  to  rise  rapidly,  not 
reaching  its  maximum  until  AH  degrees,  whereas  A  reaches 
its  maximum  at  20  degrees.  The  low-freeboard  box,  more- 
over, has  a  range  of  less  than  40  degrees,  whereas  the  high- 
freeboard  box  (No.  2)  has  a  range  of  84  degrees. 

Turning  to  No.  3  section,  and  the  curve  of  stability  C, 
it  will  be  noticed  that  the  increase  of  7  feet  in  beam  causes 
a  considerable  increase  in  the  metacentric  height  (GM). 
For  moderate  inclinations,  GZ  =  GM  sin  a,  and  therefore 
this  increase  in  GM   is   accompanied  by  a    corresponding 

II  2 
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increase  in  the  steepness  of  the  earlier  part  of  the  curve  of 
stability  C,  as  compared  with  the  curves  A  and  B  in  Fig.  44. 
The  deck-edge  becomes  immersed,  however,  at  13  degrees, 
the  maximum  stability  is  reached  at  20  degrees,  and  the 
range  of  stability  is  less  than  50  degrees  as  against  84 
degrees  in  curve  B  for  the  higher  freeboard  vessel.*  The  com- 
parison of  these  curves  will  show  how  much  more  influential 
increase  of  freeboard  is  than  increase  of  beam  in  adding  to 
the  amount  and  range  of  the  statical  stability  of  ships. 

Lastly,  to  illustrate  the  effect  of  the  vertical  position  of 
the  centre  of  gravity  upon  the  forms  of  curves  of  stability, 
let  it  be  assumed  that  the  high  freeboard  vessel  (No.  2 
section)  has  its  centre  of  gravity  raised  one  foot,  leaving  the 
value  of  the  metacentric  height  (6M)  1*6  foot.  This  will 
be  no  imfair  assumption,  seeing  that  the  increase  in  free- 
board, and  consequently  in  total  depth,  would  in  practice  be 
associated  with  a  rise  in  the  centre  of  gravity.  The  curve 
of  stability  D,  Fig,  44,  corresponds  to  this  last  case.  For  each 
inclination  the  decrease  in  the  arm  of  the  righting  couple, 
as  compared  with  curve  B,  is  given  by  the  expression, 

Decrease  in  GZ  =  GGj  x  sin  a, 

where  GGi  (rise  in  i)osition  of  centre  of  gravity)  is  one  foot. 
Initially  the  curve  D  falls  within  A  and  B,  the  vessel 
being  more  crank.  It  has,  however,  its  maximum  ordinate 
at  45  degrees,  and  a  range  of  75  degrees,  comparing  very 
favourably  indeed  with  the  curve  C  for  the  low-freeboard 
vessel  with  broad  beam  (No.  3).  The  reader  will  have 
no  diflBculty  in  making  a  more  detailed  comparison  of  the 
curves  for  these  representative  vessels,  should  that  be  con- 
sidered desirable. 

In  concluding  this  chapter,  a  few  examples  will  be  given 
of  curves  of  stability  for  different  classes  of  ships,  from  which 


*  A  full  discussion  of  this  subject  by  Mr.  Barnaby,  C.B.,  Director  of 

will  be  found  in  a  paper  contributed  Naval  Construction.    Some  of  the 

to  voL  xii.  of  the  Transactiojis  of  preceding  illustrations  are  borrowed 

the  Institution  of  Naval  Architects  from  this  paper. 
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it  will  be  Been  tliat  the  foregoing  dedoctiocs  from  priamatic 
bodies  apply  also  to  shipe.  The  following  table  gives  the 
principal  dimeiieions,  &c.  of  these  repreBentative  Tessels : — 


|,«,., 

Suie. 

OHM  oT  Ship. 

Ungth 

Biwdtli 

Dlq<»- 

1  w«;. 

Vnar^,atrtA. 

'mdymio»     . 

Old  type  ateam  frigate  . 

240 

47 

1(1 

20 

6     14      S 

8300 

200 

4» 

» 

17 

4    14    e 

2219 

MOHtfUU       . 

Swift  craUioK  frigate    . 
IndiAii  troopahip .     .     . 

»37 

Ml 

»i 

Wl 

1(H    15      9j 

57S2 

nspi.     .      . 

860 

49 

1!) 

5976 

BreMtwork  monitor .     . 

24S 

!i4 

0 

m 

0       8      0 

4»12 

Ameiicaa  monitor     .     . 

250 

52 

10 

u 

0  .    S      0 

3842 

opW.  (late) 

Low-freeboard  |  *__.( 

S20 

5.S 

» 

'.'A 

0       6      6 

7790 

S30 

,17 

« 

v+ 

2S5 

«1> 

K 

'/« 

1      11      8* 

9061 

efttSa    .     . 

Uter  tjpe  )     Bhip. 

3S0 

(W 

¥li 

9     19    0 

9484 

280 

54 

22 

6     16    0 

6060 

•:0iil71tfMt>a 

Id  Fig,  47  the  respective  corres  of  stability  1 
FIG.4-7. 


Anglft  ^  Iacl}iia.fion. 


1.  Juw. 

8,  Monarch. 

4.  SerapU. 

10.  Captain. 

5.  InvincMt. 

11.  aialton 

6.  AckUUt. 
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vessels  appear  with  reference  numbers,  enabling  them  to  be 
distinguished  ;  and  they  will  repay  a  careful  study,  as  illus- 
trations of  the  comparative  stabilities  of  high-  and  low-sided 
vessels,  armoured  and  unarmoured.  It  is  only  necessary  to 
add  that  in  all  cases  the  weights  are  supposed  to  be  secured 
in  such  a  manner  that  no  shift  takes  place  even  at  the  most 
extreme  inclinations.  When  (as  is  not  uncommon  in  high- 
sided  ships)  stability  is  maintained  beyond  the  inclination 
of  90  degrees  from  the  upright — that  is  to  say,  when  a 
vessel  laid  down  on  her  beam-ends  would,  if  left  free,  return 
to  the  upright — this  supposition  of  no  shift  in  the  positions 
of  weights  may  be  considered  improper;  but  it  is  to  be 
observeil  that  such  extreme  inclinations  are  not  likely  to  be 
reached,  whereas  for  less  inclinations  the  supposition  affects 
all  classes  similarly.  In  estimating  the  relative  safety  of 
ships,  moreover,  it  is  necessary  to  consider,  not  merely  the 
range  and  area  of  the  curve  of  stability,  but  also  whether 
the  ship  is  propelled  by  sails,  or  is  of  the  mastless  type. 
This  matter  will  be  further  discussed  hereafter,  but  is  now 
mentioned  to  prevent  erroneous  conclusions  being  drawn 
from  the  simple  comparison  of  curves  of  stability. 
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CHAPTER  IV. 

THE  OSCILLATIONS  OP  SHIPS  IN   STILL  WATER. 

If  a  ship,  floating  in  still  water,  has  been  inclined  from  a 
position  of  stable  equilibrium  by  the  action  of  external 
forces,  and  is  afterwards  allowed  to  move  freely,  she  will 
perform  a  series  of  oscillations,  the  range  of  which  gradually 
decreases,  on  either  side  of  the  position  of  equilibrium ;  and 
will  finally  come  to  rest.  For  all  practical  purposes  attention 
may  be  limited  to  the  case  of  the  transverse  inclinations  and 
oscillations  of  ships,  reckoning  from  the  upright  position 
where  they  are  in  stable  equilibrium ;  and  unless  specially 
mentioned,  it  may  be  assumed  that  the  following  remarks 
deal  only  with  rolling  motions  in  still  water,  the  other 
principal  oscillations — viz.  pitching — not  taking  place  to 
any  sensible  extent  except  in  a  seaway. 

There  is  an  obvious  parallelism  between  the  motion  of  a 
ship  set  rolling  in  still  water  and  that  of  a  simple  pendulum 
moving  in  a  resisting  medium.  Apart  from  the  influence  of 
resistance,  both  ship  and  pendulum  would  continue  to  swing 
from  the  initial  angle  of  inclination  on  one  side  of  the 
vertical  to  an  equal  inclination  on  the  other  side ;  and  the 
rate  of  extinction  of  the  oscillations  in  both  depends  ujx)n 
the  resistance,  the  magnitude  of  which  depends  upon  several 
causes  to  be  mentioned  hereafter.  In  what  follows,  the  term 
"  oscillation  "  will  be  used  to  signify  a  single  swing  of  the 
ship  from   port   to   starboard,   or  vice  versa*      The   "arc 


*  In    the    usual     mathematical       double    swing,   say   from    iK)rt   to 
.sense  au  oscillation  would  mean  a       starboard  and  back  again  to  iK>rt ; 
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of  oscUlation  "  wiU  simply  mean  the  sum  of  the  angles  on 
either  side  of  the  vertical  swept  through  in  a  single  swing ; 
for  instance,  a  vessel  rolling  from  12  degrees  inclination  to 
port,  and  reaching  10  degrees  inclination  to  starboard,  would 
have  (10°+ 12"^)  22  degrees  as  the  arc  of  oscillation.  The 
period  of  oscillation  means  the  time  occupied  (in  seconds, 
say)  in  performing  a  single  swing. 

No  vessel  can  roll  in  still  water  without  experiencing 
resistance  to  her  motion ;  but  considerable  advantage 
results  from  first  considering  the  hypothetical  case  of 
unrmsted  rolling,  and  afterwards  adding  the  conditions 
of  resistance.  Rigorous  mathematical  reasoning  may  be 
applied  to  the  hypothetical  case,  but  this  is  not  true  of  an 
investigation  which  takes  account  of  resistance;  and  the 
highest  authorities  are  content  to  adopt  a  mixed  method  when 
dealing  with  resisted  rolling,  superposing,  as  it  were,  data 
obtained  from  experiments  made  to  determine  the  effects  of 
resistance,  upon  the  mathematical  investigations  of  the  hypo- 
thetical case.  No  endeavour  will  here  be  made  to  follow 
out  either  part  of  the  inquiry,  as  such  a  course  involves 
mathematical  treatment  lying  outside  the  province  of  this 
work ;  but  it  is  possible  in  popular  language  to  explain 
some  of  the  chief  results  obtained,  and  this  we  propose  to  do. 

Supposing  the  rolling  of  a  ship  in  still  water  to  be  un» 
resisted,  it  may  be  asked.  What  is  the  length  of  the  simple 
pendulum  with  which  her  oscillations  keep  time,  or  syn- 
chronise ?  It  has  been  sometimes  assumed  that  the  com- 
parison made  in  the  previous  chapter  between  a  ship  held 
in  an  inclined  position,  and  a  pendulum  of  which  the  length 
is  equal  to  the  distance  between  the  centre  of  gravity  and  the 
metacentre  held  at  an  equal  inclination,  will  remain  good 
when  the  ship  and  the  pendulum  are  oscillating.  In  fact,  it 
is  supposed  that  the  whole  of  the  weight  may  be  concentrated 
at  the  centre  of  gravity  (G,  Figs.  30  and  31,  page  64),  while 


but  the  tlcfinition  in  the  text  agrees      Navy  in  recording  rolling  motionSy 
with   the    practice    of   the    Royal      and  is  therefore  followed. 
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the  metacentre  is  the  point  of  suspension  for  the  ship  in  motion 
as  well  as  for  the  ship  at  rest.  But  this  is  an  error,  and  one 
that  conducts  to  very  false  conclusions.  If  it  were  true,  the 
stiffest  ships,  having  the  greatest  heights  of  metacentre  above 
the  centre  of  gravity,  should  be  the  slowest-moving  ships, 
while  the  crankest  ships,  with  smallest  metacentric  heights, 
should  move  most  quickly.  All  experience  shows  the  direct 
opposite  to  be  true.  For  example,  a  converted  ironclad  of 
the  Prince  Consort  class,  with  a  metacentric  height  exceeding 
6  feet,  will  make  twelve  or  thirteen  single  rolls  per  minute, 
and  an  American  monitor,  with  a  metacentric  height  of 
14  feet,  will  make  more  than  twenty  single  rolls  per 
minute,  while  vessels  like  the  Hercules  or  Sultan^  with 
metacentric  heights  under  3  feet,  will  only  make  seven 
or  eight  rolls  per  minute.  What  is  thus  shown  to  be  true 
by  experience  had  been  previously  proved  to  be  true  by 
theory ;  nearly  a  century  and  a  half  ago,  the  great  French 
writer  Bouguer,  in  his  Traiti  du  Navire,  had  clearly  stated 
the  principle,  and  obtained  the  formula  which  is  still  in 
use  for  the  period  of  unresisted  rolling. 
The  necessity  for  carefully  dis- 
tinguishing between  the  cases  of  rest 
and  motion  in  a  ship  may  be  simply 
illustrated  by  means  of  a  bar  pendulum 
(such  as  AB,  Fig.  48)  of  uniform 
section,  having  its  centre  of  gravity 
at  the  middle  point,  G.  To  hold  the 
pendulum  at  any  steady  inclination 
to  the  vertical  must  require  a  force 
exactly  equal  to  that  required  to 
hold  at  the  same  inclination  a  simple 
pendulum  of  length  AG,  and  of 
equal  weight  to  the  bar  pendulum. 
But  if  this  simple  pendulum  were 
constructed,  and  set  moving,  it  would 
be  found  to  move  much  faster  than  the  bar  pendulum. 
The  simple  pendulum  keeping  time  with  the  bar   instead 
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of  haying  a  length  AG  equal  to  one-half  of  AB,  will  hare 
a  length  AK  equal  to  two-thirds  of  A6;  and  it  is  im- 
portant to  notice  the  causes  producing  this  result.* 

Suppose  the  pendulum  to  hare  reached  one  extremity  of 
its  swing,  and  to  be  on  the  point  of  returning:  at  that 
instant  it  will  be  at  rest.  As  it  moves  back  towards  the 
upright,  its  velocity  continually  increases,  reaching  a  maxi- 
mum as  the  pendulum  passes  through  the  upright  position, 
and  afterwards  decreasing  until  at  the  other  extremity  of  the 
swing  it  will  once  more  be  instantaneously  at  rest.  These 
changes  of  velocity,  accelerations  or  retardations,  from  in- 
stant to  instant  can  only  be  produced  by  the  action  of  certain 
forces;  and  according  to  the  first  principles  of  dynamics, 
these  changes  of  velocity  really  measure  the  intensity  of  the 
forces.  For  instance,  a  body  falling  freely  from  a  position 
of  rest  acquires  a  velocity  of  rather  more  than  32  feet 
in  a  second;  at  the  end  of  two  seconds  it  has  a  velocity 
of  rather  more  than  64  feet  (twice  that  acquired  in  one 
second),  and  so  on.  Consequently  the  velocity  acquired  per 
second — some  32  feet — ^is  regarded  as  a  measure  of  the  force 
of  gravity ;  and  all  other  accelerating  foKjes  can  be  com- 
pared with  it,  the  ratios  of  the  velocities  added  by  them  per 
second  to  the  32  feet  added  by  gravity  expressing  the  ratios  of 
these  forces  to  that  of  gravity.  In  the  case  of  the  simple 
pendulum,  the  bob  moves  in  a  circular  arc,  having  a  radius 
equal  to  the  length  of  the  pendulimi;  hence  the  linear 
velocity  of  the  bob  in  feet  per  second  may  be  expressed  in 
terms  of  the  product  of  this  radius  into  the  angvJar  velocity .f 


•  A  simple  pendulum,  as  pre- 
viously explained,  is  one  having  all 
its  weight  concentrated  at  one 
]x)int  (the  "  bob  *'),  and  supposed  to 
be  hung  from  the  centre  of  suspen- 
sion (A,  Fig.  48)  by  a  weightless 
rod.  The  {wint  K  in  Fig.  48  is 
tenncd  the  "centre  of  oscillation," 
and  the  bar  jvuduluin  will  oscillate 
in    the   same   time,  whether  it    is 


hung  at  A  or  at  K. 

t  llie  angular  velocity  may  bo 
defined  as  the  angle  swept  through 
per  second  if  the  motion  is  UDifurm, 
or  that  which  would  be  swept 
through  per  second  if  the  rate 
of  motion  existing  at  any  inKtant 
were  continued  for  a  second.  These 
angles  are  stated  in  circular  measure 
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Similarly,  the  changes  in  velocity,  measuring  the  accele- 
rating forces,  may  be  expressed  in  terms  of  the  product  of 
the  radius  into  the  changes  of  angular  velocity.  These 
accelerating  forces  at  any  instant  act  at  right  angles  to  the 
corresponding  position  of  the  pendulum  rod ;  and  so  finally 
we  obtain  for  the  simple  pendulum : — 

Moment  of  accelerating ^     ^  •  v^    i»xr    1.  i      /    j-    \q 

«  ,,        ,      °l  =  Ux  weiffht  of  the  bob  x  (radius)^ 

forces  about  centre  of  >  ,  ^        ^         ,       \     .. 

I  X  change  01  ansiilar  velocity  ; 

suspension     .      .      .^  ^  °  ^ 

where  C  is  a  constant  quantity  (viz.  ^,  nearly — the  reci- 
procal of  the  velocity  per  second  due  to  gravity).  Hence 
follows  this  important  principle:  for  any  heavy  particle 
oscillating  about  a  fixed  axis  the  moment  of  the  accelerating 
forces  at  every  instant  involves  the  product  of  the  weight 
of  the  particle  by  the  square  of  its  distance  from  the  axis  of 
rotation. 

Turning  from  the  simple  pendulum  to  the  bar  pendulum 
(Fig.  48),  we  may  consider  the  latter  as  made  up  of  a  number 
of  heavy  particles,  and  take  each  separately.  For  example, 
take  a  particle  of  weight  w  at  a  distance  x  from  the  axis  of 
rotation  (A);  the  moment  of  the  accelerating  force  upon  it, 
about  the  point  A,  is  given  by  the  expression, 

Moment  =  C  x  «^  x  «^  X  change  of  angular  velocity. 

At  any  instant  the  change  of  angular  velocity  is  the  same 
for  all  particles  in  the  bar-pendidum,  whatever  may  be  their 
distance  from  A ;  whence  it  follows  that  for  the  whole  of 
the  particles  in  the  bar-pendulum — 


Momentof  accelerating  forces 
at  any  instant 


=  C  X  weight  of  bar  x  i^  X 
change  of  angular  velocity. 


To  determine  i^,  we  have  only  to  sum  up  all  such  products 
as  ti7  X  35*  for  every  particle  in  the  bar,  and  divide  the  sum 
by  the  total  weight  of  the  bar.  Or,  using  2  as  the  sign  of 
summation, 

1^1^ \(}^ ^ 

Weight  of  bar' 
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Turning  to  the  case  of  a  rigid  body  like  a  ship,  oscillating 
about  a  longitudinal  axis  which  may  be  assumed  to  pass 
through  the  centre  of  gravity,  it  is  only  necessary  to  proceed 
similarly..  Take  the  weight  of  each  elementary  part,  multiply 
it  by  the  square  of  its  distance  from  the  axis  of  rotation, 
obtain  the  sum  of  the  products  (which  sum  is  termed  the 
"  moment  of  inertia  "),  and  divide  it  by  the  total  weight  of  the 
ship ;  the  quotient  (i')  will  be  the  square  of  the  "  radius  of 
gyration  "  for  the  ship  when  turning  about  the  assumed  axis. 
If  the  whole  weight  were  concentrated  at  the  distance  h 
from  the  axis  of  rotation,  the  moment  of  the  accelerating 
forces  and  the  moment  of  inertia  would  then  be  the  same 
as  the  aggregate  moment  of  the  accelerating  forces  acting 
upon  each  particle  of  lading  and  structure  in  its  proper 
place. 

,  It  will  be  obvious  from  this  attempt  at  a  popular  explana- 
tion of  well-known  dynamical  principles  why  we  cannot 
assume  that  a  ship  in  motion  resembles  a  simple  pendulum 
suspended  by  the  metacentre,  and  having  all  the  accelerating 
forces  acting  through  the  centre  of  gravity.  These  accele- 
rating forces  developed  by  .motion  constitute,  in  fiict,  a 
new  feature  in  the  *  problem,  not  requiring  consideration 
when  there  is  no  motion.  For  a  position  of  rest,  it  is  only 
necessary  to  determine  the  sum  of  the  statical  moments  of 
the  weight  of  each  element  about  the  centre  of  suspension, 
and  this  sum  equals  the  moment  of  the  total  weight  concen- 
trated at  the  centre  of  gravity.  But  for  motion,  there  is 
the  further  necessity  of  considering  the  moment  of  inertia, 
as  well  as  the  statical  moment,  and  this  fact  has  sometimes 
been  overlooked. 

A  ship  rolling  in  still  water  does  not  oscillate  about  a 
fixed  axiSy  corresponding  to  the  centre  of  suspension  (A) 
of  the  pendulum  in  Fig.  48 ;  but  still  her  motions  are 
similar  to  those  of  the  pendulum.  At  the  extremity  of 
a  roll,  when  her  inclination  to  the  upright  is  a  maximum, 
the  moment  of  statical  stability  is  also  usually  a  maximum, 
and  this  is  an  unbalanced  force,  tending  to  restore  the  vessel 
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to  the  upright.  She  therefore  begins  to  move  back,  and  at 
each  instant  during  her  progress  towards  the  upright  is 
subject  to  the  action  of  a  moment  of  statical  stability 
tending  to  make  her  move  in  the  same  direction,  and 
consequently  quickening  her  speed.  But  the  moment  of 
stability  gradually  decreases  in  amount,  and  at  the  upright 
is  zero ;  the  velocity  reaching  its  maximum  at  that  position. 
On  the  other  side  of  the  upright  the  statical  stability 
opposes  further  inclination,  and  at  every  instant  grows  in 
magnitude ;  the  result  is  a  retardation  of  speed,  and  finally 
a  termination  of  the  motion  of  the  ship  at  the  other  end  of 
the  roll  at  an  inclination  to  the  vertical  equal  to  that  from 
which  she  started.  All  this,  be  it  observed,  is  on  the 
hypothesis  of  v/nresisted  rolling.  As  a  matter  of  fact,  with 
resistance  in  operation,  it  always  acts  as  a  retarding  force, 
tending  to  extinguish  the  oscillations. 

The     position     of 
the        instantaneous  FIG. 49. 

axis  about  which  a 
ship  is  turning  at 
any  moment,  sup- 
posing her  motion 
to  be  unresisted, 
may  be  determined 
by  means  of  a  geo- 
metrical construction 
due  to  the  late  Canon 
Moseley.  It  may  be 
most  simply  ex- 
plained by  reference 

to  a  cylindrical  vessel  with  circular  cross-section  such  as 
is  shown  in  Fig.  49.  If  a  circle  F2FF3  be  described 
concentric  with  the  circular  section,  and  touching  the 
water  surface  at  F,  this  circle  will  touch  the  water-line 
corresponding  to  any  other  inclined  position;  for  all  the 
tangents  to  this  circle  cut  off  from  the  circular  section  a 
segment  equal  in  area  to  WVL,    The  circle  F3F1F2  is 
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termed  the  •*  curve  of  flotation,"  and  a  right  cylinder 
described  upon  it  as  base  would  have  this  property  :  if  the 
water  surface  is  supposed  to  become  rigid  and  perfectly 
smooth,  and  the  cylinder,  of  which  FaFjF  is  a  section,  is 
supposed  also  to  have  a  perfectly  smooth  surface,  and  to 
project  before  and  abaft  the  ship,  carrying  her  with  it  while 
the  projecting  ends  roll  upon  the  water  surface,  the  conditions 
for  unresisted  rolling  will  be  fulfilled.  To  determine  the 
instantaneous  centre,  it  is  then  only  necessary  to  consider  the 
simultaneous  motions  of  the  point  of  support,  or  "  centre  of 
flotation,"  F,  and  the  centre  of  gravity  G.  The  point  F  has 
its  instantaneous  motion  in  a  horizontal  line ;  consequently 
it  must  be  turning  about  some  point  in  the  vertical  line  FM. 
As  to  the  motion  of  the  centre  of  gravity,  it  must  be  noticed 
that,  resistance  being  supposed  non-existent,  the  only  forces 
impressed  upon  the  floating  body  are  the  weight  and  buoy- 
ancy, both  of  which  act  vertically  ;  therefore  the  motion  of 
translation  of  the  centre  of  gravity  must  be  vertical,  and 
instantaneously  G  must  be  turning  about  some  point  in  the 
horizontal  line  GZ.  The  point  Z,  where  the  two  lines  GZ 
and  FM  intersect,  will,  tjierefore,  be  the  instantaneous  centre 
about  which  the  vessel  turns. 

This  simple  form  of  vessel  always  has  the  centre  of 
buoyancy  B,  the  centre  of  flotation  F,  and  the  metacentre 
M  in  the  same  vertical  line,  for  any  position  it  can  occupy. 
An  ordinary  ship  presents  diff'erent  conditions,  as  shown  in 
Fig.  50  ;  where  the  centre  of  flotation  F  does  not  lie  on  the 
vertical  line  BiZM.  Here,  however,  the  same  principles 
apply:  G  moves  about  some  centre  in  the  line  GZO;  F 
about  some  centre  in  the  vertical  line  FO ;  the  point  of 
intersection  O  of  these  two  lines  fixes  the  instantaneous  axis 
for  the  whole  ship. 

Ordinarily  the  centre  of  gravity  G  lies  near  to  the  water- 
line  (W  iL„  Fig.  50)  for  the  upright  position  ;  while  in  high- 
sided  ships,  for  oscillations  of  12  or  15  degrees  on  either  side 
of  the  vertical,  the  centre  of  flotation  F  does  not  move  far 
away  from  the  middle-line  A  of  the  load-line  section  W,L,. 
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In  other  words,  the  common  case  for  vessels  of  ordinary  form 
is  that  where  the  instantaneous  axis  passes  through  or  very 
near  to  the  centre  of  gravity.  This  has  been  verified  by 
actual  experiment  on  ships  rolling  in  still  water,  and  may  be 
accepted  as  practically  accurate,  within  the  limits  of  rolling 
named,  for  all  except  vessels  of  very  exceptional  form. 
Although  the  position  of  the  instantaneous  axis  changes 
from   instant   to   instant   (as   its    name  implies),  it   is  not 
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productive  of  any  serious  error  in  most  cases  to  regard  the 
ship  as  rolling  about  a  fixed  axis  passing  through  the  centre 
of  gravity.  In  theoretical  investigations  no  such  assumption 
is  necessary,  because  the  principle  known  in  dynamics  as  the 
"  conservation  of  the  motions  of  translation  and  rotation  '* 
then  becomes  applicable.  The  motion  of  translation  of  the 
centre  of  gravity  is  considered  separately  from  any  motion 
of  rotaiion ;  this  latter  motion  being  then  supposed  to  take 
place  about  an  axis  passing  through  tlie  centre  of  gravity. 
J]y  this  means  the  "  period  "  of  an  oscillation  in  still  water 
can  be  very  closely  approximated  to,  although  there  is  no 
fixed  axis  of  rotation. 
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It  may  be  interesting  to  show  how  the  metaeentre  moves 
during  rolling,  instead  of  being  fixed  in  space,  as  is  often 
supposed.  Taking  once  more  the  cylindrical  vessel  of 
circular  cross-section,  we  have  a  case  where  the  metaeentre 
is  fixed  in  the  vessd,  but  moves  in  space  as  the  vessel  rolls. 
In  Fig.  51  the  darker  circle  represents  the  vessel  in  her 

upright  position ;  the 
FIQ.ol.  lighter  one  shows  her 

position  at  the  ex- 
tremity of  the  roll. 
The  centre  of  gra- 
vity G  moves  ver- 
ticaUfff  as  explained 
above,  and  during 
the  roll  rises  from  G 
to  G„  the  correspond- 
ing position  of  the 
metaeentre  being  Mi. 
As  the  ship  rolls, 
therefore,  the  meta- 
eentre sways  to  and  fro  horizontally;  but  in  less  simple 
forms  it  would  neither  be  fixed  in  the  vessel  nor  have  so 
simple  a  motion. 

Summing  up  the  preceding  remarks  on  unresisted  rolling, 
it  appears  that  the  active  agent  in  producing  the  motion, 
after  the  vessel  has  once  been  inclined  and  then  set  free,  is 
the  moment  of  statical  stability ;  and  that  the  moment  of 
inertia  about  a  longitudinal  axis  passing  through  the  centre 
of  gravity  is  also  of  great  importance.  Mathematical  in- 
vestigation leads  to  the  following  expression  for  the  period 
of  oscillation  of  a  ship  : — 


Let 


ft=  her  radius  of  gyration  (in  feet), 
m  =  metacentric  height  (GM)  (in  feet), 
T  =  period  in  seconds  for  a  single  roll. 


Then 


T  =  n  >v/— =  ^M416\/^ 
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where  g  (measuring  force  of  gravity)  =  32^  feet  (nearly)  per 
second.    This  may  be  written, 


T  =  '554  ^ 

The  fractional  expression  (  —  j  in  this  equation  enables 

one  to  ascertain  the  effect  upon  the  period  of  changes  in 
either  the  radius  of  gyration  or  the  metacentric  height. 
They  may  be  summarised  as  follows : — 

Period  is  increased  by — 

(1)  Increase  in  the  radius  of  gyration ; 

(2)  Decrease  in  the  metacentric  height. 

Period  is  decreased  by — 

(1)  Decrease  in  the  radius  of  gyration  ; 

(2)  Increase  in  the  metacentric  height. 

It  has  already  been  explained  (see  page  67)  that  the  designer 
of  a  ship  has  comparatively  little  power  over  the  vertical 
distribution  of  the  weights  and  the  position  of  the  centre 
of  gravity,  which  are  practically  controlled  by  the  require- 
ments for  accommodation,  stowage,  protection,  &c.  Nor 
has  he  great  power  over  the  moment  of  inertia  of  the  ship, 
whereas  he  can  exercise  a  considerable  influence  over  the 
Talue  of  the  metacentric  height  Changes  in  the  metacentric 
height  are,  therefore,  the  most  important  means,  in  ship 
design,  of  influencing  the  period  of  still-water  oscillations, 
and  the  steadiness  at  sea.  Within  the  last  fifteen  years, 
since  the  modem  theory  of  rolling  in  a  seaway  introduced 
by  Mr.  Froude  has  been  generally  accepted,  great  attention 
has  been  paid  to  the  proportions  of  ships,  in  order  to  secure 
metacentric  heights  which  combine  sufficient  stiffness  with 
the  longest  obtainable  periods  of  still-water  oscillations,  or, 
as  they  are  frequently  termed,  "natural  periods."  The 
tendency  has,  therefore,  been  to  reduce  the  metacentric 
heights  where  that  was  possible;  deep  bilge-keels  being 
u5?ed  to  decrease  rolling  when  great  metacentric  heights 
were  unavoidable.     The  following  table  exhibits  for  different 
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classes  of  war^Bhipa  the  still-water  periods  and  the  meta- 
centric heights ;  as  well  as  the  approximate  lengths  of  simple 
pendulums  keeping  time  wi^  the  ship ;  and  by  comparing 
these  with  the  metacentric  height*,  the  fallacy  of  the  view 
previously  exposed  will  be  made  still  more  obvious. 
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This  table,  of  course,  presents  no  information  concerning 
the  moments  of  inertia  of  the  ships,  and  is,  therefore,  not 
a  complete  representation  of  the  conditions  affecting  the 
period ;  but  it  illustrates  broadly  the  important  principle 
that  a  decrease  in  the  metacentric  height  leads  to  a  lengthen- 
ing of  the  natural  period,  and  vice  vena. 

To  determine  the  moment  of  inertia  of  a  ship  involves  a 
very  laborious  calculation,  the  weight  of  each  part  of  the 
structure  and  lading  having  to  be  multiplied  by  the  square 
of  its  distance  from  the  axin  of  rotation.  But  this  calcula- 
tion has  been  made  for  some  few  shipia,  and  by  means  of  the 
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fonnula  on  page  113  the  still-water  periods  have  been  ob- 
tained within  very  narrow  limits  of  the  truth.  As  examples 
of  close  estimates  of  natural  periods  we  may  refer  to  the 
Devastation  and  a  monitor  of  the  American  type,  which  were 
under  the  consideration  of  the  Admiralty  committee  on 
designs  for  war-ships.  It  was  estimated  that  the  Devasta- 
tion would  have  a  period  of  about  7  seconds ;  the  actual 
period  obtained  by  experiment  was  6f  seconds.  The  esti- 
mated period  for  the  American  monitor  was  2^  seconds ;  the 
actual  period,  2^^  seconds.  The  formula  given  for  the 
period  supposes  the  rolling  to  be  unresisted ;  but  the  in- 
fluence of  resistance  is  much  more  marked  in  the  extinction 
of  oscillations  than  it  is  in  affecting  the  period  of  oscillation, 
and  this  accounts  for  the  close  agreement  of  estimates  made 
from  the  formula  with  the  results  of  experiments.  In  the 
formula  for  the  period  it  is  further  assumed  that  there  is  no 
sensible  difference  between  the  time  occupied  by  the  ship  in 
swinging  through  large  or  small  arcs,  within  a  range  of,  say, 
12  or  15  degrees  on  either  side  of  the  vertical ;  for  which 
range  the  metacentric  method  of  estimating  the  stability 
gives  fairly  accurate  results.  This  condition  has  been  proved 
by  direct  experiment  to  be  fulfilled  very  nearly  in  vessels  of 
ordinary  form  and  high  freeboard ;  vessels  of  very  low  free- 
board present  exceptional  cases.  For  example,  the  Sultan 
was  rolled  in  still  water  by  Mr.  Froude,  until  an  extreme 
inclination  of  nearly  15  degrees  on  either  side  of  the  upright 
was  reached,  and  then  allowed  to  come  to  rest,  the  observa- 
tions being  continued  until  the  extreme  inclination  attained 
was  only  2  degrees ;  but  the  period  of  rolling  through  the 
arc  of  30  degrees  was  practically  identical  with  that  for  the 
very  small  arc  of  4  degrees.  This  noteworthy  fact  is  usually 
expressed  by  the  statement  that  the  rolling  of  ordinary  ships 
is  isoehronotis  within  the  limits  named  above. 

Changes  in  the  distribution  of  the  weights  on  board  a 
ship  must  affect  her  period,  because  they  will  usually  affect 
both  the  metacentric  height  and  the  moment  of  inertia.  It 
is  unnecessary  to  say  more  respecting  the  influence  of  the 
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metacentric  height ;  but  a  few  remarks  are  called  for  as  to 
the  effect  of  changes  in  the  moment  of  inertia.  "  Winging  ** 
weights — ^that  is,  moving  them  out  from  the  middle  line 
towards  the  sides — increases  the  moment  of  inertia,  and 
tends  to  lengthen  the  period.  The  converse  is  true  when 
weights  —  such  as  guns  —  are  run  back  from  the  sides 
towards  the  middle  line.  Eaising  weights  also  tends  to 
decrease  the  moment  of  inertia,  if  the  weights  moved  are 
kept  below  the  centre  of  gravity  ;  whereas,  if  they  are  above 
that  point,  the  corresponding  change  tends  to  increase  the 
moment  of  inertia.  But  all  such  vertical  motions  of  weights 
have  an  effect  upon  the  position  of  the  centre  of  gravity, 
altering  the  metacentric  height,  and  affecting  the  moment  of 
inertia  by  the  change  in  the  position  of  the  axis  about  which 
it  is  estimated.  It  is  therefore  necessary  to  consider  both 
these  changes  before  deciding  what  may  be  their  ultimate 
effect  upon  the  period  of  rolling.  The  principles  stated 
above  will  enable  the  reader  to  follow  out  for  himself  the 
effect  of  any  supposed  changes  in  the  distribution  of  the 
weights,  and  it  is  not  necessary  to  give  more  than  one  or 
two  examples.  A  ship  of  6000  tons  weight  has  a  meta- 
centric height  of  3  feet  and  a  period  of  7  seconds ;  a  weight 
of  100  tons  is  raised  from  15  feet  below  the  centre  of 
gravity  to  15  feet  above.  In  consequence  of  the  transfer  of 
the  weight,  the  centre  of  gravity  will  be  raised,  and  we  have, 

V).       ^       .        -         ..         100  tons  X  30  feet      ,  «    ^ 
Rise  of  centre  of  gravity  = ^-— =  ^  foot. 

New  value  of  GM  =  3  —  J  =  2^  feet. 

Originally,  according  to  the  formula  for  the  period. 


7  =  -554  \/*! 


The  rise  in  the  centre  of  gravity  slightly  alters  the  position 
of  the  axis  about  which  the  ship  is  considered  to  revolve, 
and  this  produces  a  change  in  the  moment  of  inertia ;  but 
the  change  is  so  small  that  it  may  be  neglected. 


CHAP.  IV.        OSCILLATION  IN  STILL    WATER.  11/ 

Then,  after  the  weights  are  moved,  the  period  T  will  be 
given  by  the  equation, 

T= -554^1! 

•  7      ^   2-5 
.-.  T  =  7  X  1  •  1  =  7-7  seconds  (nearly). 

The  decrease  of  6  inches  in  the  metacentric  height  thus 
lengthens  the  period  about  10  per  cent. 

As  a  second  case,  suppose  weights  amounting  in  the  aggre- 
gate to  100  tons,  placed  at  the  height  of  the  centre  of  gravity, 
to  be  "  winged  "  15  feet  from  the  middle  line ;  their  motion 
being  horizontal  does  not  affect  the  position  of  the  centre 
of  gravity.*    Then  we  have, 

Original  moment  of  inertia     =  6000  x  Ar*, 
Additional  moment  of  inertia  =  100  x  15|  ^  =  22500. 
.-.  New  moment  of  inertia       =  6000  x  Ar»  +  22500. 

/XT         A'       ^         .•     X2           6000  xiH 22500 
(New  radius  of  gyration)^        = m^^ 

Originally,?  seconds  = '554/^^ (1) 


Now  T=-554V  3  •    •    •    •    (2) 

Therefore  T  =7^  1  +  ^  ;  also  &»  =  475 

= 7  •  028  seconds. 


•  The  expreasions  for  changes  in  be  easily  fonned;  it  is  only  neces- 

ihe  moment  of  inertia  produced  by  sary  to  determine  for  each  position 

winging  weights  not  originally  at  the  actual  distances  of  the  weights 

the  middle  line,  nor  placed  at  the  from  the  axis  passing  through  the 

height  of  the  centre  of  gravity,  can  centre  of  gravity. 
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This  alteration  in  period  is  very  slight,  as  compared  with 
that  produced  by  the  supposed  transfer  of  weight  in  a  vertical 
sense,  and  furnishes  an  illustration  of  the  much  greater 
changes  rendered  possible  by  alterations  of  metacentric 
heights  than  by  changes  in  the  moments  of  inertia. 

Besides  the  motion  of  rotation  about  an  axis  passing 
through  the  centre  of  gravity  of  a  ship  rolling  in  still  water, 
there  is  a  motion  of  translation  of  the  centre  of  gravity  up 
and  down  a  vertical  line ;  and  in  the  case  of  the  cylindrical 
vessel  (Fig.  51)  we  have  seen  how  the  metacentre  moves 
in  order  to  fulfil  the  condition  of  keeping  the  volume  of 
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displacement  unchanged.  But  in  few,  if  any,  actual  ships  can 
this  condition  of  constancy  of  displacement  be  accurately 
fulfilled  at  each  instant ;  and  with  certain  forms  of  cross- 
section,  such  as  the  Symondite  type  in  Fig.  52,  the  departure 
fix)m  this  condition  is  very  considerable,  giving  rise  to 
what  are  called  "dipping  oscillations"  and  "imeasy" 
rolling.  Let  it  be  assumed,  for  example,  that  the  ship 
in  Fig.  52  has  rolled  imtil  WiLj,  which  was  her  upright 
water-line,  has  come  to  the  position  shown,  the  motion 
probably  occupying  only  2  or  3  seconds.  Then  it  may, 
and  does,  happen  that  the  wedge  immersed  (LSL,)  will  be 
instantaneously  greater  than  the  wedge  emerged  (WSWi); 
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for,  as  already  explained,  during  such  a  motion,  if  the  roll 
does  not  exceed  15  degrees,  the  instantaneous  centre  will 
be  nearly  coincident  with  the  centre  of  gravity,  and  this  in 
war-ships  of  the  Symondite  type  was  near  the  load  water-line. 
Suppose  W2L2  to  be  the  water-line  at  which  the  vessel 
would  float  if  steadily  held  at  the  assumed  inclina- 
tion ;  for  the  instant,  the  buoyancy  of  the  layer  W  W2L2L 
constitutes  an  unbalanced  lifting  force,  which  tends  to  set 
up  a  vertical  motion  in  the  ship.  The  ratio  which  the 
buoyancy  of  this  layer  bears  to  the  total  displacement  of 
the  ship  determines  whether  thb  vertical  motion  will  be 
considerable  or  not ;  and  it  is  obvious  that  with  the  "  peg- 
top  "  form  of  section  in  Fig.  52  the  buoyancy  of  the  layer 
may  be  great  in  proportion  to  the  total  buoyancy.  More- 
over, after  motion  begins,  as  the  water-line  W2L2  is  moved 
upwards  towards  WL,  there  will  still  remain  an  unbalanced 
upward  buoyancy,  although  one  decreasing  in  amount,  up 
to  the  instant  that  W2L2  reaches  the  water  surface;  and 
consequently,  instead  of  stopping,  the  ship  will  be  carried  on 
beyond  its  position  of  rest,  just  as  a  pendulum  inclined  on  one 
side  of  the  vertical  swings  over  to  the  other,  past  its  position 
of  rest  in  the  vertical.  Hence  it  follows  that,  if  the  vessel 
were  conceived  to  be  kept  at  the  inclination  shown,  by 
forces  that  left  her  free  to  move  vertically,  she  would  "  dip  ** 
upwards  and  downwards  about  her  statical  position  of  rest 
until  the  resistance  of  the  water  extinguished  her  oscillations. 
Although  ships  rolling  in  still  water  are  not  thiis  held 
at  a  definite  inclination,  they  afe  at  each  inclination  subjected 
to  conditions  of  a  similar  character,  and  they  have  a  period 
for  their  dipping  oscillations  which  may  be  determined 
approximately,  and  the  ratio  of  which  to  that  of  their  rolling 
oscillations  exercises  an  important  influence  upon  the  extent 
to  which  dipping  proceeds.  A  single  roll,  even  of  a  Symon- 
dite ship,  may  not  produce  much  vertical  motion,  but  a 
succession  of  rolls  may ;  and  the  explanation  of  this  fiEict  is 
thus  given  by  Professor  Bankine : — "  Each  roll  sets  going  a 
^  fresh  series  of  dipping  oscillations,  and  should  the  periodic 
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"  time  of  rolling  happen  to  be  double,  quadruple,  or  any  even 
"  multiple  of  the  periodic  time  of  dipping,  so  that  each  roll 
"  coincides  with  the  rising  part  of  the  previously  existing 
"  dipping  motion,  the  extent  of  the  dipping  motion  may  go 
*^  on  continually  increasing  to  an  amount  limited  only  by  the 
'*  resistance  of  the  water."  In  short,  when  these  ratios  of  the 
periods  of  dipping  and  rolling  obtain,  the  ship  is  in  a 
condition  similar  to  that  of  a  pendulum  which  receives 
periodically  a  fresh  impulse  at  the  end  of  its  swing ;  and  it 
is  a  matter  of  common  observation  how  such  an  impulse, 
although  in  itself  not  of  great  magnitude,  may  by  its  repeated 
applications  in  the  manner  described  lead  to  considerable  oscil- 
lations. Dipping  motions  have  not,  however,  the  practical 
importance  of  rolling  motions,  and  therefore  they  will  not  be 
further  discussed.  In  vessels  of  ordinary  form  these  motions 
are  not  nearly  so  extensive  as  in  vessels  of  the  Symondite 
tyi)e,  and  the  reasons  for  the  difference  wUl  be  obvious. 

Turning  attention  to  the  effect  of  fluid  resistance  upon 
the  rolling  of  a  ship  in  still  water,  that  resistance  may  be 
subdivided  into  three  parts: — (1)  Frictional  resistance 
due  to  the  rubbing  of  the  water  against  the  immersed 
portions  of  the  ship,  and  particularly  experienced  by  the 
amidship  parts  where  the  form  is  more  or  less  cylindrical. 
(2)  Direct  or  head  resistance,  similar  to  that  experienced  by 
a  flat  board  pushed  through  the  water,  and  chiefly  developed 
against  the  keel,  bilge-keels,  deadwood,  and  flat  or  nearly 
flat  surfaces  lying  near  the  "extremities  of  the  ship.  (3) 
Surface  disturbance,  which  involves  the  creation  of  waves 
that  move  away  from  the  ship,  and  have  continually  to  be 
replaced  by  new-made  waves,  each  creation  involving,  of 
course,  a  certain  expenditure  of  energy,  which  must  react 
upon  the  vessel,  and  be  equivalent  to  a  check  upon  her 
motion.  The  aggregate  effect  of  these  three  parts  of  the 
fluid  resistance  displays  itself  in  the  gradual  extinction  of 
the  oscillations  when  the  ship  rolls  freely  under  the  action 
of  no  external  forces  other  than  gravity  and  buoyancy  ;  and  if 
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observations  have  been  made  of  the  rate  at  which  extinction 
proceeds  in  any  ship,  it  is  possible  to  infer  from  thence  the 
total  resistance  for  that  ship,  or  for  one  identical  with  or  very 
similar  to  her.  But  to  estimate  by  direct  calculation  the 
value  of  the  resistance  for  a  ship  of  novel  form,  or  for  any 
ship  independently  of  reference  to  rolling  trials  for  similar 
ships,  is  not,  in  the  present  state  of  our  knowledge,  a  trust- 
worthy procedure.  This  diflSculty  in  theoretical  investiga- 
tion arises  chiefly  from  the  doubtfulness  surrounding  any 
estimate  of  the  "wave-making  function"  for  an  untried 
type.  Having  experimental  data  such  as  Mr.  Froude  has 
made  available,  it  is  possible  to  approximate  to  the  first  two 
parts  of  the  resistance,  but  the  third,  as  yet,  seems  outside 
calculation.  For  example,  when  the  character  of  the  bottom 
of  a  ship  is  known — whether  she  is  iron-bottomed,  or  copper- 
sheathed,  or  zinc-sheathed,  and  whether  clean  or  dirty — it 
is  possible  to  obtain  the  "  coeflScient  of  friction  "  for  the 
known  conditions;  then  knowing  the  area  of  the  surface 
upon  which  friction  operates,  and  the  approximate  speed 
with  which  the  ship  rolls,  the  total  frictional  resistance  may 
be  found  within  narrow  limits  of  accuracy.  Similarly,  when 
the  "  coefficient  of  direct  resistance  "  for  the  known  speed 
has  been  determined  by  experiments  on  a  board  or  plane 
surface,  it  may  be  applied  to  the  total  area  of  keel,  bilge- 
keels,  deadwood,  &c.,  and  so  a  good  approximation  made 
to  the  total  " keel "  or  "direct "  resistance.  But  the  wave- 
making  function  cannot  be  similarly  treated,  and  so  it  be- 
comes most  important  to  make  rolling  experiments  in  still 
water,  in  order  that  the  true  value  of  the  resistance  may  be 
deduced  from  the  observations.  The  importance  of  the 
deductions  arises  from  the  fact  that  fluid  resistance  has  very 
much  to  do  with  controlling  the  maximum  range  of  oscilla- 
tion of  a  ship  rolling  in  a  seaway.  This  will  be  explained 
in  a  future  chapter ;  for  the  present  it  is  sufiicient  to  remark 
that,  if  the  rate  of  extinction  of  still-water  oscillations  is 
rapid,  it  may  be  assumed  that  the  range  of  rolling  at  sea  will 
be  greatly  limited  by  the  Miction  of  the  resistance ;  whereas. 
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if  the  rate  of  extiBction  is  slow,  resbtance  will  exercise  com- 
paratively little  control  over  the  behaviour  of  the  ship  at  sea. 

Boiling  experiments  in  still  water  were  recommended 
strongly  by  Bouguer  in  the  Traitd  du  Navire  published  in 
1746,  but  their  performance  has  only  become  common 
within  the  last  few  years.  Mr.  W.  Froude,  FJRS., 
has  conducted  the  greater  number  of  those  made  on 
ships  of  the  Boyal  Navy,  and  to  him  we  owe  our  most 
valuable  information  on  the  subject;  a  few  experiments 
have  been  made  by  officers  in  command.  In  the  French 
navy  such  experiments  have  been  made  systematically  for 
some  years,  and  many  of  the  results  obtained  have  been 
collected  and  publbhed.  The  objects  of  these  experiments 
are  twofold:  (1)  to  ascertain  the  period  of  oscillation  of 
the  ship ;  (2)  to  obtain  the  rate  of  extinction  of  the  oscilla- 
tions, when  the  vessel  is  left  &ee  to  move  and  gradually 
come  to  rest.  Various  means  may  be  employed  to  produce 
the  desired  inclination,  from  which  the  vessel  is  to  have  her 
rolling  motion  observed.  If  she  is  small,  she  may  be  "  hove- 
down,"  and,  after  reaching  the  required  inclination,  suddenly 
set  free.  But  this  is  a  process  inapplicable  to  large  ships, 
and  the  following  is  the  plan  usually  adopted. 

A  number  of  men  are  made  to  run  across  the  deck,  from 
side  to  side,  their  motions  being  regulated  by  some  concerted 
signal,  so  that  they  may  run  out  from  the  middle  line  to 
the  side  and  back  again,  while  the  ship  performs  a  half- 
oscillation.  By  this  simple  means  even  the  largest  ships 
may  be  made  to  accumulate  motion  very  quickly,  and  to 
roll  through  considerable  angles,  the  running  of  the  men 
being  so  timed  as  never  to  retard,  but  always  to  accelerate,  the 
rolling.  For  example,  her  Majesty's  ship  SvUan  was  made 
to  roll  to  an  angle  of  14  J  degrees  from  the  upright  hf  the 
motion  of  her  own  crew  of  about  six  hundred  men,  under 
Mr.  Froude's  direction ;  while  the  DevastcUion,  weighing  over 
9000  tons,  was  made  to  reach  a  heel  exceeding  7  degrees  by 
four  liundred  men  running  eighteen  times  across  her  deck. 
If  the  motions  of  the  men  are  not  well  timed,  similar  results 
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will  not  be  obtained,  and  in  some  trials  large  angles  of 
oscillation  have  not  been  secured,  on  account  of  non-com- 
pliance with  this  condition.  When  a  sufficiently  large 
range  of  oscillation  has  been  obtained,  the  men  are  made 
to  stand  still,  and  the  observations  are  commenced. 

In  order  to  determine  the  period  for  a  single  roll,  care- 
ful note  is  taken  of  the  times  occupied  by  the  ship  in  per- 
forming each  of  several  successive  single  rolls ;  and  in  this 
way  the  fact  has  been  established  that  vessels  of  ordinary 
form  are  practically  isochronous  in  their  rolling  motions. 
Hence,  in  fixing  the  period  for  a  ship,  it  is  usual  to  ob- 
serve how  many  oscillations  (n,  suppose)  are  made  in  a 
certain  interval  of  time  (T  seconds,  suppose);  then  the 

period  =  -. 

^  n 

Careful  observations  are  also  made  of  the  extreme  angles 
of  heel  reached  at  the  end  of  each  oscillation ;  the  difference 
between  the  successive  values  marking  the  rate  of  extinction. 
A  vessel  starting  from  an  inclination  of  (say)  10  degrees  to 
port  only  reaches  an  extreme  heel  of  9  degrees  to  starboard, 
and  then  rolls  back  to  8^  degrees  to  port;  gradually  coming 
to  rest.  These  observations  are  commonly  continued  untU 
the  arc  of  oscillation  has  diminished  to  2  or  3  degrees. 
Mr.  Froude  has  devised  beautiful  automatic  apparatus  for 
recording  the  rolling  motion  of  the  ship  in  such  a  manner  that 
the  angle  of  inclination,  at  each  instant  of  her  motion,  as  well 
as  her  extreme  angles  of  heel,  can  be  traced,  and  the  period 
also  determined.  But  with  the  aid  of  the  simplest  apparatus 
it  is  possible  to  make  all  the  observations  needed,  and 
in  a  future  chapter  the  common  plan  will  be  described. 
The  gradual  degradation  in  the  range  of  oscillation  is  re- 
presented by  means  of,  what  are  termed,  ^'  curves  of  extinc- 
tion ";  examples  of  these  curves,  obtained  from  Mr.  Fronde's 
experiments,  are  given  in  Fig.  53,  for  her  Majesty's  ships 
StUian,  Inconstant,  and  Vdage.  A  very  brief  explanation  of 
the  construction  of  these  curves  will  suffice.  On  the  base-line 
OX  are  set  off  equal  spaces,  each  representing  an  oscillation ; 
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and  since  each  oscillation  is  performed  in  the  same  period,  each 
of  these  spaces  also  represente  a  certain  number  of  seconds. 
Any  ordinate,  drawn  at  right  angles  to  OX,  through  the 
points  marking  these  equal  spaces,  shows  the  extreme  angle 
of  heel  reached  at  that  particular  oscillation ;  and  the 
difference  between  any  two  ordinates  so  drawn  shows  the 
loss  of  range,  or  extinction  of  the  rolling,  in  the  correspond- 
ing  Dumber   of  oecillations.     For  example,  after  making 
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twelve  oscillations  from  the  extreme  angle  (13f  degrees) 
where  the  record  of  observations  begins,  the  Su2ton  only 
reached  an  extreme  angle  of  8  degrees,  the  loss  of  range 
in  that  number  of  rolls  being  5f  degrees.  Here  the  rate 
of  extinction  was  slow,  the  vessel  having  a  lai^  moment  of 
inertia,  no  keel,  and  only  shallow  bilge-keels,  to  assist  the 
extremities  in  developing  resistance  to  the  motion.  If  there 
were  deeper  bilge- keels,  the  rate  of  extinction  would  be 
much  more  rapid. 
Experiments  have  been  made  by  Mr.  Fronde  to  show  how 
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rapidly  the  rate  of  extinction  may  be  increased  by  deepen- 
ing bilge-keels.  A  model  of  the  Devastation  was  used  for 
this  purpose,  and  fitted  with  bilge-keels  which,  on  the  full- 
sized  ships,  would  represent  the  various  depths  given  in  the 
following  table.  The  model  was  one-thirty-sixth  of  the  full 
size  of  the  ship,  and  was  weighted  so  as  to  float  at  the  proper 
water-line,  to  have  its  centre  of  gravity  in  the  same  relative 
position  as  that  of  the  ship,  and  to  oscillate  in  a  period 
proportional  to  the  period  of  the  ship.  In  smooth  water 
it  was  heeled  to  an  angle  of  8^  degrees,  and  was  then  set 
free  and  allowed  to  oscillate  until  it  came  practically  to 
rest,  the  number  of  oscillations  and  their  period  being  ob- 
served.   The  following  results  were  obtained : — 


Model  fitted  with— 

Number  of  Double 

Rolls  before  Model 

was  practically 

at  rest. 

Period 

of 

Double 

Roll. 

1.  No  bilge-pieces 

2.  A  single  21-10^1  bilge-keel  on  each  side 

3.  „      36-incb         „         „         „ 

4.  Two  36-inch  bilge-keels        „         „ 

5.  A  single  72-inch  bilge-keel    „         „ 

31i 
12i 

8 

5} 

4 

Seoonds. 
1-77 
1-9 
1-9 
1-92 
1-99 

The  great  advantages  resulting  from  the  use  of  bilge- 
keels  are  obvious  from  this  table.  It  will  be  noted  that 
the  period  of  oscillation  is  changed  but  very  little  as  the 
resistance  becomes  increased;  this  being  a  result  which 
theory  had  predicted,  and  one  which  justifies  the  use  of  the 
hypothesis  of  unresisted  rolling  in  approximating  to  the 
period  of  a  ship.  Increased  resistance,  however  caused,  is 
equivalent  to  an  increase  in  the  moment  of  inertia,  and 
therefore  tends  to  lengthen  the  period  somewhat  from  that 
for  unresisted  rolling,  but  the  difference  is  not  so  great  as 
to  require  attention  in  the  broad  practical  deductions  with 
which  we  are  chiefly  concerned.  The  rate  of  extinction 
of  the  oscillations  depends  upon  the  proportionate  effect  of 
the  resistance  and  the  moment  of  inertia  of  the  ship ;  and 
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other  things  being  eqnal.  the  ship  which  ha8  the  great 
moment  of  inertia  will  be  the  more  difficult  to  set  in  motio 
bat  afterwardfl  her  motion  is  likely  to  be  longer  snstuned. 
The  investigations  by  which  the  Tolae  of  the  reeistaO' 
is  deduced  from  curves  of  extinction  are  of  snch 
character  that  they  cannot  here  be  reproduced,  but  thi 
proceed  on  the  principle  that  the  loss  of  range  per  oscill 
tion  represents  an  amount  of  "  work  "  done  by  the  re8istan( 
and  this  amount  can  be  ascertained  by  calculating  t1 
dynamical  stability  corresponding  to  the  loss  of  rangt 
Mr.  Froude  has  been  the  chief  investigator  in  this  field,  ai 
his  published  analyses  of  numerous  experiments  are  full 
interest  and  instruction.  Not  content  with  obtaining  t1 
aggregate  value  of  the  resistances  for  ships,  he  has  separat 
them  into  their  component  parts,  assigning  values  to  fri 
tional  and  keel  resistances,  as  well  as  to  surface  di8turban( 
In  doing  so,  Mr.  Froude  has  been  led  to  the  conclusion  th 
surface  disturbance  is  by  far  the  most  important  part 
resistance,  as  the  following  figures  given  by  him  for  a  fi 
ships  will  show. 


,«^.     If-..,...,]';,:^.™':^.'. 

Total  Re- 
tiitaDce. 

Sorfc« 

muxn    .      .      . 
Jnconttant  .      . 
Vdag^    .      .      . 
arfyhtmnd  .      . 

354      1           5036 
140      1           4060 
96     1          -£944 
120                  700 

£0,000 
21,500 

14,100 
4,700 

14,610 
17,300 

11,060 
3.880 

Frictional  and  bilge-keel  resistances  in  this  table  have  be 
obtained  by  calculation  from  the  drawings  of  the  ship,  & 
Froude  making  use  of  data  as  to  coefGcients  for  fricti 
and  for  head  resistance  which  he  had  previously  obtain 
by  independent  esperiments,  and  which  may  Uiereft 
be  regarded  as  leading  to  thoroughly  trustworthy  resul 
The  total  resistance  in  each  case  was  deduced  from  t 
curves  of  extinction  obtained  from  still-wtiter  rolling  i 


•  The   formuiic   for  dynii 
bither  on  in  tliis  cliaplcr. 


lien)  stability  will  b«  given  nod  explaii 
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periments;  and  this  also  must  be  regarded  as  accurate. 
But  it  will  be  noticed  that  in  no  case  does  the  sum  of  the 
frictional  and  keel  resistances  much  exceed  one-fourth  of 
the  total  renstanoe,  while  it  is  much  less  than  one-fourth  in 
other  cases.  The  consequence  is  that  surface  disturbance 
must  be  credited  with  the  contribution  of  ihree-fowriks  or 
thereabouts  of  the  total  resistance,  a  result  which  could 
scarcely  have  been  predicted.  Waves  are  constantly 
being  created  as  the  vessel  rolls,  and  as  constantly  moving 
away,  and  the  mechanical  work  done  in  this  way  reacts  in  a 
reduction  of  the  amplitude  of  successive  oscillations.  Very 
low  waves,  so  low  as  to  be  almost  imperceptible,  owing  to 
their  great  length  in  proportion  to  their  height,  would 
suffice  to  account  even  for  this  large  proportionate  eflfect. 
For  example,  Mr.  Froude  estimates  that  a  wave  320  feet 
long  and  only  1 J  inch  in  height  would  fully  account  for 
all  the  work  credited  to  surface  disturbance  in  the  fourth 
case  of  the  preceding  table. 

Another  important  deduction  from  the  figures  in  the  table 
is  the  large  proportionate  effect  of  "keel"  resistance,  as 
compared  with  firictional  resistance,  thus  confirming  what 
was  said  above  as  to  the  advantages  of  deep  bilge-keels. 
Ships  of  the  Royal  Navy  recently  constructed  have  been 
famished  with  much  deeper  bilge-keels  than  were  formerly 
in  use,  but  a  limit  to  the  depths  that  can  be  fitted  is  often 
reached,  because  of  the  necessity  for  compliance  with  certain 
conditions  and  extreme  dimensions  in  order  that  the  vessels 
may  be  able  to  enter  existing  docks.  The  evidence  in  favour 
of  the  use  of  bilge-keels  is  now  considered  unquestionable, 
and  hereafter  examples  will  be  given  of  their  usefulness  as 
regards  limitation  of  the  rolling  of  ships  in  a  seaway; 
but  only  a  few  years  have  elapsed  since  eminent  naval 
architects,  like  M.  Dupuy  de  Lome,  of  the  French  navy, 
regarded  bilge-keels  with  suspicion.  The  change  of  opinion 
that  has  taken  place  is  mainly  the  consequence  of  direct 
experiment  and  careful  observation  ;  and  it  furnishes  another 
instance  of  the  use  of  theoretical  investigations  in  giving  a 
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direction  to  practice ;  for  these  investigations  had  led  to  the 
conchisions  now  generally  accepted  before  experimental 
knowledge  had  reached  its  present  stage. 

Exception  has  been  taken  by  some  eminent  French  writers 
to  the  views  propounded  by  Mr.  Froude  as  to  the  relative 
influence  of  the  several  component  parts  of  the  fluid  resist- 
ance ;  but  their  objections  are  in  no  way  directed  against 
the  experimental  data  obtained  by  Mr.  Froude,  these  data 
being  matters  of  actual  observation,  and  not  of  theoretical 
calculation.  We  are  bound  to  say,  however,  that,  after  care- 
fully considering  these  objections  and  the  accounts  of  French 
rolling  experiments  which  have  been  published,  we  are 
strongly  of  opinion  that  Mr.  Froude  has  the  best  of  the 
argument ;  and  his  view  of  the  importance  of  surface  dis- 
turbance derives  considerable  support  from  experiments 
made  on  very  special  forms  of  ships.  For  example,  in 
experimenting  upon  the  model  of  the  DevastcUiony  Mr.  Froude 
found  that,  when  the  deck-edge  amidships  was  considerably 
immersed  before  the  model  was  set  free  to  roll,  the  deck 
appeared  to  act  like  a  very  powerful  bilge  piece,  rapidly 
extinguishing  oscillations.  MM.  Bisbec  and  do  Benaz^,  of 
the  French  navy,  also  found  by  experiment  that,  when 
bilge-keels  were  moved  high  up  the  sides  of  a  vessel,  so 
that,  as  she  rolled,  the  bilge-keels  emerged  from  the  water 
and  entered  it  again  abruptly,  their  efiect  became  much 
greater  than  when  they  were  more  deeply  immersed ;  as  one 
would  anticipate  from  the  increased  surface  disturbance  that 
must  exist  when  the  bilge-keels  are  so  high  on  the  sides. 
Experience  with  the  low-freeboard  American  monitors 
furnishes  further  support  to  this  view;  immersion  of  the 
deck  and  the  existence  of  projecting  armour  developing 
greatly  increased  resistance  —  a  circumstance  which  un- 
doubtedly tells  much  in  favour  of  these  vessels,  and  assists 
in  preventing  the  accumulation  of  great  rolling  motions. 

Fluid  resistance  to  the  motion  of  a  floating  body,  or  of 
a  body  immersed  in  it,  depends  upon  the  rate  of  motion. 
When  a  flat  surface  is  pushed  forwards,  the  direct  or  head 
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resistance,  corresponding  to  the  velocity,  varies  with  the  area 
of  the  surface,  and  with  some  power  of  the  velocity,  and 
so  would  also  the  frictional  resistance  experienced  by  a  thin 
board  drawn  end-on  through  the  water.  The  usual  assump- 
tions have  been  that  for  moderate  speeds  the  resistance  varied 
as  the  square  of  the  velocity,  that  for  very  low  speeds  it 
varied  nearly  as  the  first  power  of  the  velocity,  and  for  high 
speeds  at  a  greater  power  than  the  square.  For  such  speeds 
as  are  common  in  the  rolling  of  ships,  it  is  probable  that  the 
keel  and  frictional  resistances  vary  nearly  as  the  square  of 
the  angular  velocity  ;  and  this  is  the  law  which  French  inves- 
tigators agree  in  applying  to  the  ioial  effect  of  the  resistance. 
Mr.  Froude,  however,  whose  experience  and  labours  in  this 
subject,  as  well  as  his  numerous  experiments,  give  to  his 
conclusions  exceptional  authority,  is  of  opinion  that  the  total 
resistance  consists  of  two  parts,  one  varying  as  the  square  of 
the  angular  velocity,  the  other  as  the  first  power.  The  former 
comprehends  keel  and  frictional  resistances ;  the  latter  is 
mainly  represented  by  surface  disturbance.  It  is  only 
proper  to  add  that  by  the  analysis  of  curves  of  extinction 
given  by  French  writers,  as  well  as  of  curves  obtained  from 
his  own  experiments,  Mr.  Froude  has  given  good  reason  for 
accepting  his  law  of  resistance. 

Ships  of  ordinary  form  being  isochronous  for  moderate 
angles  of  inclination  on  either  side  of  the  vertical,  all  their 
oscillations  within  limits,  say,  of  15  degrees  on  each  side 
being  performed  in  practically  the  same  time,  it  follows 
that,  as  the  range  of  oscillation  increases,  so  will  the  mean 
angular  velocity  increase.  Or,  as  we  may  say,  the  mean 
angular  velocity  varies  with  the  arc  of  oscillation.  Hence, 
if  ^  be  the  extreme  inclination  to  the  vertical  reached  by 
a  vessel  rolling  freely,  it  is  possible  to  express  tlie  effect  of 
the  resistance  (measured  by  the  loss  of  range)  per  roll  in 
terms  of  6.    For  example,  we  may  write, 

Loss  of  range  =  a6-\-l6^, 
where  a  and  h  are  constants  determined  from  the  still-water 
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rolling  experiments.  Expressing  0  in  degrees,  Mr.  Froude 
gives  the  following  values  for  the  Inconstant^ 

a=-035;  b=-0051. 

Suppose,  for  instance,  the  Inconstant  starts  from  an  inclina- 
tion to  the  vertical  of  8  degrees ;  then 

Loss  of  range  in  a  roll  =  -035  x  8  +  -0051  x  8*  =  -61  degree. 

The  values  of  the  constants,  of  course,  vary  with  the  cha- 
racter and  form  of  the  vessel,  the  depth  of  her  bilge-keels, 
and  the  coefficient  of  friction.  For  example,  Mr.  Froude 
determined  the  values  to  be— 

For  Sultan    .    .     .  a  =  -0267  ;  I  =  '0016. 
„    Vdlage    .     .     .a=-028;    i= -0073. 

If  the  SuUan  started  from  an  inclination  of  8  degrees,  she 
would  suffer 

Loss  of  range  in  a  roll  =  -0267  x 8+  -0016  x  8^=  '32  degree, 

or  only  about  one-haK  as  much  as  the  Jneonston^.  The  greater 
inertia  of  the  SviUa/n  and  the  finer  form  of  the  extremities  in 
the  Inconstant  would  help  to  account  for  the  different  rates 
of  extinction. 

The  rate  of  extinction  of  the  still-water  oscillations  of 
any  ship  decreases  as  she  approaches  a  state  of  rest.  This 
is  a  matter  of  common  observation,  and  is  fully  borne  out 
by  the  curves  of  extinction  in  Fig.  53,  for  the  Inconstant^ 
SvUany  and  Vdlage,  From  the  foregoing  remarks  the  expla- 
nation of  this  fact  is  readily  obtained ;  the  greater  the  range 
of  oscillation,  the  quicker  the  motion,  and  the  greater  the 
resistance.  Motion  and  the  existence  of  the  retarding 
force  due  to  resistance  cease  simultaneously ;  resistance  has, 
therefore,  sometimes  been  termed  a  "  passive  "  force,  but  it 
nevertheless  exerts  a  very  important  and  beneficial  effect 
upon  the  behaviour  of  ships  at  sea. 

It  has  repeatedly  been  proposed  to  make  use  of  still- 
water  rolling  experiments  for  the  purpose  of  readily  checking 
the  good  or  bad  stowage  of  cargo-carrying  merchant  ships 
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before  they  leave  port.  Bouguer  made  this  proposal  in 
1746,  and  the  council  of  the  Institution  of  Naval  Architects 
endorsed  it  in  1867.  The  miscellaneous  character  of  the 
cargoes  carried  at  various  times  by  any  ship  necessarily 
entails  very  various  stowage  of  the  hold;  the  common 
practice  being  to  rely  upon  the  experience  of  stevedores — 
a  class  of  men  skilful  in  their  vocation,  but  usually  possessing 
little  or  no  knowledge  of  the  theoretical  principles  underlying 
good  stowage.  It  has,  therefore,  been  proposed  to  take  careful 
note  of  the  voyages  on  which  a  ship  proves  herself  to  be 
well  stowed  by  her  good  behaviour;  to  make  a  small 
series  of  roUing  experiments  in  order  to  determine  the  mean 
period  corresponding  to  these  conditions ;  and  then  in  future 
voyages  to  endeavour  to  stow  the  vessel  in  such  a  manner 
as  to  secure  approximately  the  same  period  as  the  mean 
for  the  successful  voyages.  It  would  be  a  very  simple  and 
inexpensive  way  of  obtaining  a  check  upon  the  character 
of  the  stowage  before  a  ship  leaves  port,  whereas  it  now 
commonly  happens  that  the  information  is  only  obtained 
under  the  trying  circumstances  of  bad  weather  at  sea,  when 
changes  in  stowage  cannot  be  made  even  if  they  appear  to 
be  desirable.  Here,  it  will  be  noted,  the  still-water  experi- 
ments would  terminate  with  the  determination  of  the  period ; 
no  attempt  would  be  made  to  evaluate  the  resistance. 

Before  concluding  this  chapter,  a  brief  exposition  of  the 
principles  of  dynamical  stability  must  be  attempted.  Here 
we  must  revert  to  the  conditions  of  imresisted  rolling,  with 
which  the  reader  is  already  familiar,  and  assume  that  no 
account  shall  be  taken  of  the  effect  of  fluid  resistance.  On 
this  assumption,  dynamical  stability  may  be  defined  as  the 
"  work  "  done  in  heeling  the  ship  from  her  upright  position 
to  any  angle  of  inclination ;  the  amount  of  work  done,  of 
course,  varying  with  the  inclination.  Work,  it  need  hardly 
be  said,  is  here  used  in  its  mechanical  sense  of  a  pressure  over- 
come through  a  distance  ;  for  example,  a  ton  raised  one  foot 
may  be  taken  as  our  unit  of  work,  and  then  to  move  100  tons 

K  2 
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through  a  foot,  or  a  ton  through  100  feet,  will  require  100  units 
of  work,  or  "  foot-tons."  It  has  been  shown  how  to  estimate 
the  moment  of  the  couple  for  statical  stability  at  a  given 
angle ;  and  if  the  vessel  is  gradually  inclined  beyond 
that  angle,  the  forces  inclining  her  must  do  work  depend- 
ing upon  the  righting  couples  corresponding  to  the  suc- 
cessive instantaneous  inclinations,  as  well  as  to  the  ultimate 
angle  attained.  In  short,  it  is  easy  to  determine  the 
dynamical  stability,  when  the  variations  in  statical  stability 
are  known,  and  the  curve  of  stability  has  been  constructed. 

A  simple  illustration  may 
^'^•^^  make  this  clearly  understood. 

A  man  is  pushing  at  the  end 
of  a  capstan  bar  (Z,  in  Fig. 
54)  with  a  force  P ;  the  centre 
of  the  capstan  (G)  is  distant 
I  feet  from  Z.  Then  the  sta- 
tical moment  of  the  pressure 
P  about  G  will  equal  P  x  Z, 
and  this  exactly  corresponds  to  the  expression  for  the 
moment  of  statical  stability  (D  x  GZ)  obtained  in  the 
previous  chapter.  Now  suppose  the  man  to  push  the  bar 
on  through  an  angle  A  (circular  measure) ;  then — 

Distance  the  man  walks  =  Z  x  A ; 

Work  he  does  =  pressure  x  distance  through  which  it  acts 

=  P  X  Z  X  A  =  statical  moment  x  A. 

Next  suppose  that,  as  the  man  pushes  the  bar  round,  he 
moves  inwards  along  it,  decreasing  the  value  of  I  from  instant 
to  instant ;  then  we  shall  have  a  parallel  case  to  that  of  the 
ship  where  the  arm  of  the  righting  couple  varies  from  angle 
to  angle  of  inclination.  The  man  walks  for  a  very  sinaU 
distance  from  the  first  position  (GZ,  Fig.  54),  pushing  as 
before;  then  for  that  very  small  angle  a,  GZ  will  have 
practically  the  constant  value  Z,  and  (as  above) 

Work  =  statical  moment  (for  position  GZ)  x  a. 

By  the  time  he  has  completed  the  angle  A,  he  has  moved 
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in  on  the  bar  to  the  position  Zi :  let  GrZi  =  Zi.  Then,  as  he 
pushes  with  a  constant  force  P,  we  must  have  for  a  very 
small  angle  a  from  the  position  GZj — 

Work  =  statical  moment  (for  position  GZi)  x  a. 

Similarly,  for  any  other  position,  the  work  for  a  very 
small  angle  beyond  may  be  expressed  in  terms  of  the 
corresponding  statical  moment.  And  what  is  thus  true  of 
the  capstan  is  equally  true  of  a  ship ;  the  work  for  any 
small  inclination  a  from  a  given  position  is  given  by — 

Work  =  statical  moment  of  stability  for  that  position  x  a  = 
displacement  x  GZ  (for  that  position)  x  a. 

Turning  next  to  any  curve  of  stability  (say,  to  Fig. 
43,  page  96),  we  have  a  graphic  delineation  of  the  values 
of  GZ  for  every  inclination  until  the  vessel  becomes 
unstable.  Supposing  OP  is  taken  to  represent  any  assigned 
angle  of  inclination,  and  pn  drawn  very  close  to  PN  (the 
distance  Pp  corresponding  to  the  very  small  angle  a),  the 
area  of  this  little  strip  (PNnp)  will  frraphically  represent 
the  product  GZ  x  a.  Consequently  it  follows  that  on  the 
curve  of  stability  for  a  ship,  reckoning  from  the  upright  (0) 
to  any  angle  of  inclination  (such  as  OP),  the  dynamical 
stability  corresponding  to  that  inclination  is  represented  by 
the  area  (OPN)  cut  oflf  by  the  ordinate  corresponding  to 
that  inclination.  The  total  area  of  the  curve  of  stability 
therefore  represents  the  total  work  to  be  done  (excluding 
fluid  resistance)  in  upsetting  a  ship. 

Bearing  this  fact  in  mind,  fresh  force  will  be  given  to  the 
remarks  made  in  the  previous  chapter  as  to  the  comparative 
influence  of  beam  and  freeboard  upon  the  form  and  range  of 
curves  of  stability;  and  the  contrasts  exhibited  between  the 
various  curves  shown  in  Fig.  47,  page  101,  become  still 
greater  when  the  consideration  of  their  relative  total  areas  is 
added  to  that  of  their  range.  These,  however,  are  matters 
upon  which  any  one  so  desiring  may  proceed  to  independent 
investigation  with  the  materials  afforded ;  and  no  more  \>  ill 
here  be  said  respecting  them. 
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We  owe  the  term,  and  the  first  inTestigation  for  dynamit 
stability,  to  the  late  Canon  MoBeley,  and  Ma  fonDula  diffi 
aomewhat  in  appearance,  though  sot  in  fact,  fivm  that  giv 
above.  It  may  be  well,  therefore,  to  briefly  indicate  t 
chief  steps  in  Canon  Moseley's  inTestigation.  Starting  fix 
the  principle  that,  apart  from  resistance,  the  only  exten 
forces  impressed  npon  a  ship  rolling  freely  would  be  1 
weight  and  baoyancy,  he  remarked  that  the  work  done  up 
her  in  producing  any  inclination  might  be  expressed  in  ten 
of  the  rise  in  space  of  the  centre  of  gravity,  where  t 
weight  might,  be  sapposed  concentrated,  and  the  fall  of  t 
centre  of  buoyancy,  where  the  buoyancy  might  be  suppoc 
to  be  centred.  Tiiming  to  Fig.  42,  page  95,  it  will  be  se 
that,  when  the  sliip  is  upright,  BiG-  is  the  vertical  distai 
between  these  two  centres,  whereas  in  the  inclined  positi 
their  vertical  distance  becomes  equal  to  BZ.  Since  1 
centre  of  gravity  must  rise  and  the  centre  of  buoyancy  1 
in  order  that  work  may  be  done,  we  are  only  concerned  w 
the  changes  in  the  relative  vertical  positions  of  these  i 
points ;  hence  we  may  write,  if  V  =  volnme  of  displacemi 
(in  cubic  feet). 
Work  done  in  producing  an  inclination  a  I     V    __ 

(dynamical  stability  in  foot-tons)  .     ,  |  ~  35  ^  ' 

also 

BZ  =  BZ  +  BK=B,GcoBa  +  BE; 
and  by  the  principle  of  the  motion  of  the  centre  of  bnoyai 
previously  explained  (see  p^e  95), 


Substituting  these  values  in  the  foregoing  expresBion — 

Vi  V 
Dynamical  stability  =  3^  |y  (^A  +  jA)- B,G(1-cob 

=  35  j  «  (ffA  4-  ?A)  -  V .  B,G  vers 

This  is  Moseley's  formula.    But,  since  curves  of  stabiJ 
hare  been  commonly  constructed  for  ships,  instead  of  m 
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this  formula^  the  dynamical  stability  has  been  much  more 
easily  calculated  by  the  method  of  areas  explained  above, 
and  its  values  for  different  inclinations  are  often  represented 
by  a  curve. 

The  greatest  importance  of  dynamical  stability  arises 
from  the  means  it  affords  of  comparing  the  safety  of  ships 
under  the  action  of  suddenly  applied  forces,  such  as  gusts  or 
squalls  of  wind.  These  do  not,  it  is  true,  commonly  occur 
under  the  condition  of  smooth  water  that  is  assumed 
throughout  the  present  discussion;  but  it  is  convenient 
to  separately  consider  their  effect,  and  to  deal  with  the 
action  of  the  waves  independently,  for  which  purpose  it  is 
necessary  to  suppose  the  water  still,  while  the  wind  acts 
on  the  ship. 

Roughly  speaking,  H  may  be  said  that  a  force  of  wind 
which,  steadily  and  continuously  applied,  will  heel  a  ship  of 
ordinary  form  to  a  certain  angle  will,  if  it  strikes  her  suddenly 
when  she  is  upright,  drive  her  over  to  about  twice  that 
inclination,  or  in  some  cases  further  still.  A  parallel  case  is 
that  of  a  spiral  spring ;  if  a  weight  be  suddenly  brought  to 
bear  upon  it,  the  extension  will  be  about  twice  as  great  as 
that  to  which  the  same  weight  hanging  steadily  will  stretch 
the  spring.  The  explanation  is  simple.  When  the  whole 
weight  is  suddenly  brought  to  bear  upon  the  spring,  the 
resistance  which  the  spring  can  offer  at  each  instavt,  up  to  the 
time  when  its  extension  supplies  a  force  equal  to  the  weight, 
is  always  less  than  the  weight ;  and  this  unbalanced  force 
stores  up  work  which  carries  the  weight  onwards,  and 
about  doubles  the  extension  of  the  spring  corresponding  to 
that  weight  when  at  rest. 

One  point  of  difference,  however,  will  become  obvious 
between  the  cases  of  the  ship  and  the  spring.  It  has  been 
virtually  assumed  that  the  vessel,  with  all  sails  set,  has  been 
becalmed,  say  by  some  headland,  but,  suddenly  passing  out 
of  this  shelter,  she  is  struck  by  the  wind,  which  heels  her  over 
and  continues  to  blow  steadily  for  some  time  after  its  sudden 
application.   Now  inclination  of  the  ship  at  once  reduces  the 
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moment  of  the  wind-pressure  on  the  sails.    Turning  to  the 

section.  Fig.  29,  page  61,  suppose  P  to  be  the  pressure  of 

the  wind,  acting  horizontally  and  athwartships,  let  A  be  the 

height  of  its  line  of  action  above  that  of  the  equal  and 

opposite  fluid  resistance  P.     Then  initially  the  inclining 

moment  of  the   wind   on  the  sails  will  be  given  by  the 

equation, 

Moment  of  sail  power  =  P  x  A. 

The  sails  are  generally  assumed  to  be  flat  surfaces  lying  in  the 
plane  of  the  masts.  But  the  ship  begins  to  heel  as  soon  as 
the  wind  pressure  begins  to  act,  and  for  an  inclination  a  we 
should  have  approximately. 

Moment  of  sail  power  =  P  x  A  cos*  a. 

This  law  of  decrease  in  the  moment  of  the  sails  does  not 
profess  to  be  accurate,  and  is  known  to  be  very  inaccurate 
for  large  angles  of  inclination ;  but  it  is  generally  accepted 
as  sufficiently  near  the  truth  for  practical  purposes ;  and  as 
it  is  chiefly  used  in  comparisons  between  different  ships, 
no  injustice  to  any  particular  ship  is  involved  in  its 
adoption. 

An  illustration  of  the  use  of  this  curve  of  (cosines)*,  or 
"  wind  curve,"  is  given  in  Fig.  55 ;  it  is  marked  WCDW. 
Two  curves  of  stability  (1  and  2),  for  the  Captain  and  Monarch 
respectively,  also  appear  in  that  diagram  ;  but  the  ordinates 
represent  statical  moments  of  stability  instead  of  simple 
GZ  values,  this  ar]:angement  being  made  in  order  that  the 
comparison  between  the  two  ships  may  allow  for  their 
different  displacements.  It  will  be  assumed  that  they  have 
equal  sail  spread  and  moments  of  sail,  so  that  one  wind-curve 
will  serve  for  both  ships.  The  force  of  wind  is  supposed 
sufficient  to  hold  the  Captain  at  a  steady  heel  of  nearly  10 
degrees,and  the  Monarch  at  a  slightly  greater  heel.  No  matter 
how  far  the  vessels  become  inclined,  if  the  n\  ind  continues 
to  act  upon  them,  the  part  of  the  areas  of  the  curves 
lying  between  the  wind  curve  and  the  base-line  will  be 
absorbed   in   counterbalancmg  the  steady  pressure  of  the 
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wind.  Hence  only  the  areas  lying  abov^  the  wind  curve 
are  available  to  resist  gusts  or  squalls  ;  and  these  areas  are 
therefore  termed  the  "  reserve  dynamical  stability."  Sup- 
posing the  reserve  to  be  large,  the  ship  is  much  safer  than  if 
it  be  small,  and  on  reference  to  the  diagram  (Fig.  55)  it  will 
be  seen  how  very  small  was  the  reserve  in  the  Captam 
when  compared  with  the  Monarch.  Lowness  of  freeboard 
associated  with  a  moderate  metacentric  height  contributed 
to  give  the  ill-fated  Captain  a  curve  of  stability  of  quite  a 
different  character  from  that  of  any  other  ship  of  war  carry- 
ing masts  and  sails.     Prior  to   her  loss  our  information 


FIG  55. 


A  ^ 


respecting  the  curves  of  stability  for  various  classes  of  ships 
was  very  meagre ;  but  now  that  numerous  and  laborious  in- 
vestigations have  been  made,  the  very  exceptional  character 
of  the  Capiain  stands  out  clearly.  Again  referring  to  Fig. 
47,  the  reader  will  see  how  far  away  from  and  beneath  the 
curves  of  stability  for  all  the  other  rigged  ships  is  the  curve 
for  the  Captain.  In  comparing  her  with  the  Monarch,  as  in 
Fig.  55,  we  have  taken  a  rigged  ship  below  the  average  as 
to  the  range  of  her  stability,  but  even  then  the  contrast  is 
most  remarkable.  This  will  appear  from  the  following 
statement,  published,  by  authority,  soon  after  the  loss  of 
the  Captain,  when  many  jjersons  expressed  fears,  which  were 
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groundless,  that  a  similar  catastrophe  might  happen  to  the 
Monarch : — 


Monarch, 

Captain. 

ADgle  at  which  the  edge  of  the  deck  is  immersed 
Aim>mit  of  righting  force  in  the  above  position ) 

(in  foot-tons  of  moment) \ 

Angle  of  maximum  stability 

Maximum  righting  force  (in  foot-tons  of  moment) 
Angle  at  which  the  righting  force  becomes  zero ) 

^ange  of  stability) j 

Beserve  of  dynamical  stability  at  an  angle  of ) 

heel  of  14  degrees  (in  foot-tons  of  work)  .     .  J 

28° 

12,542 

40° 
15,615 

694° 
6,500 

14° 
5,700 

210 
7,100 

544° 
410 

The  last  comparison  is  the  most  important  as  regards  safety, 
and  from  it  one  sees  how  small  was  the  margin  of  safety  of 
the  Captain  when  sailing,  as  she  is  reported  to  have  done  on 
the  day  prior  to  her  loss,  at  an  angle  of  heel  of  14  degrees. 
Adding  to  the  wind  pressure,  the  heave  of  the  sea,  and 
rolling  oscillations,  the  reasons  of  the  disaster  are  obvious. 

Fig.  55  also  furnishes  an  illustration  of  the  method  by 
which  an  approximation  can  be  made  to  the  maximum  heel 
to  which  a  ship  is  driven  by  a  squall  of  wind  having  a  certain 
force  if  her  motion  is  unresisted.  Let  WW  be  the  wind  curve 
as  before ;  the  point  C,  where  WW  intersects  the  curve  of 
stability  (1)  for  the  Captain^  determines  the  steady  heel 
corresponding  to  the  assumed  force  of  wind.  The  ship  is 
upright  when  struck,  and  between  the  upright  and  the  angle 
of  steady  heel  the  moment  of  sails  continuously  exceeds  the 
statical  righting  moment;  hence  there  is  an  unbalanced 
force  throughout  this  part  of  the  motion,  storing  up  work 
(represented  by  the  area  OWC)  which  is  afterwards  ex- 
pended in  carrying  on  the  ship  until  an  inclination  (EF)  is 
reached  (about  20  degrees  in  this  case)  making  the  area 
(CEF)  above  the  wind  curve  equal  to  the  area  WOC.  The 
Monarch  would  be  driven  over  to  nearly  an  equal  angle  by 
the  same  squall ;  GH  marks  the  inclination,  the  area  GKH 
being  equal  to  the  area  WOK. 

A  still  more  critical  case  is  that  where  the  ship  has  just 
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completed  a  roll  to  windward  when  the  squall  strikes  her. 
Aocumulation  of  work  then  becomes  far  more  serious ;  the 
righting  moment  and  the  moment  of  the  sails  act  together  as 
an  unbalanced  moment  all  the  time  that  the  yessel  is  moving 
back  to  the  upright,  the  condition  of  things  on  the  leeward 
side  of  the  upright  being  similar  to  that  already  described. 
Fig.  56  illustrates  this  case  for  the  Captain.  The  extreme 
angle  of  roll  to  windward^  before  the  squall  strikes  the  ship,  is 


F1Q56. 


indicated  by  the  ordinate  GHK  (8  degrees)  ;  the  ordinate  LM 
marks  the  inclination  (40  degrees)  she  must  reach  to  leeward 
before  the  reserve  of  dynamical  stability  measured  by  the 
area  CELMC  can  furnish  the  requisite  amount  of  work  to 
destroy  the  motion  due  to  the  accumulated  work  of  roll  and 
wind  measured  by  the  equal  area  GKOCWG.*  This  case 
shows  that  even  in  a  calm  sea  a  rigged  ship  of  low  freeboard 
may  run  great  risk  of  being  capsized  if  struck  by  a  squall, 
and  illustrates  the  great  advantages  possessed  by  vessels 
having  a  large  reserve  of  dynamical  stability.    But  it  is  in 


*  The  wind  curve  is  the  same  as 
in  Fig.  55,  the  corresponding  angle  of 
steady  heel  being  nearly  10  degrees ; 
this  curve  will  obviously  be  sym- 
metrical about  the  upright  position 
indicated  by  OT.  On  the  windward 
side  (to  the  Uft)  of  OY  it  will  be 
noticed  that  the  curve  of  stability 
is  drawn  hdow  the  bast-line  OX ; 
the  reason  for  so  doing  is  that  on 
the    right-hand   side  (to  leeward) 


ordinates  measured  above  the  axis 
tend  to  make  the  vessel  move  back 
to  windward,  so  that  it  is  con- 
venient to  indicate  the  contrary 
tendency  existing  on  the  windward 
side  (i.  e.  a  tendency  to  drive  the 
vessel  back  to  leeward)  by  drawing 
the  ordinates  below  the  axis.  No 
other  feature  in  the  diagram  appears 
to  require  further  explauation. 
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a  seaway,  where  the  heave  of  the  sea  and  the  action  of  the 
wind  are  combined,  that  by  far  the  most  serious  dangers  are 
encountered.  On  the  other  hand,  it  must  be  remembered 
that  no  account  has  been  taken  of  fluid  resistance,  which 
would  assist  in  checking  the  motion  of  the  ship,  and  bring 
her  up  at  a  less  inclination  than  the  preceding  methods 
would  indicate. 

Ships  of  the  mastless  type  are  less  affected  by  the  action 
of  these  suddenly  applied  squalls  and  gusts.  Their  broad- 
sides do  not  offer  sufficient  surface  to  produce  any  sensible 
inclination  in  storms  of  ordinary  severity.  For  instance, 
in  the  Devastation  it  is  estimated  that,  with  a  storm  of 
wind  exerting  a  pressure  of  100  lbs.  per  square  foot,  an 
inclination  of  only  5  degrees  would  be  produced ;  but  this 
pressure  is  about  twice  as  great  as  that  of  a  hurricane 
having  a  speed  of  100  knots  per  hour.  Hence  a  far  more 
moderate  range  and  area  of  the  curves  of  stability  is 
admissible  for  such  vessels  than  is  proper  in  rigged  ships, 
and  the  Admiralty  committee  on  designs  recommended  a 
range  of  50  degrees  as  suiScient  for  such  vessels,  regarding 
them  as  safe  even  with  a  less  range  of  stability. 
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CHAPTER  V. 

DEEP-SEA    WAVES. 

Many  attempts  have  been  made  to  construct  a  mathematical 
theory  of  wave  motion,  and  thence  to  deduce'  the  probable 
behaviour  of  ships  at  sea ;  and  the  diversity  of  these  theories 
affords  ample  evidence,  if  evidence  were  needed,  of  the  diffi- 
culties of  the  subject.  To  an  ordinary  observer  perhaps  no 
phenomena  appear  less  susceptible  of  mathematical  treat- 
ment than  the  rapid  and  constant  changes  witnessed  in  a 
seaway;  but  it  is  now  generally  agreed  that  the  modem 
or  trochoidal  theory  of  wave  motion  fairly  represents  the 
phenomena,  while  preceding  theories  do  not.  Without 
attempting  any  account  of  the  earlier  theories,  it  is  proposed 
in  the  present  chapter  to  endeavour,  in  a  simple  manner,  to 
explain  the  main  features  of  the  trochoidal  theory  for  deep- 
sea  waves. 

Let  it  be  supposed  that,  after  a  storm  has  subsided,  a 
voyager  in  mid-ocean  meets  with  a  series  of  waves  all  of 
which  are  approximately  of  the  same  form  and  dimen- 
sions; these  would  constitute  a  single,  or  independent, 
series  such  as  the  trochoidal  theory  contemplates.  For 
all  practical  purposes,  such  waves  may  be  regarded  as  tra- 
versing an  ocean  of  unlimited  extent,  where  the  depth,  in 
proportion  to  the  wave  dimensions,  is  so  great  as  to  be 
virtually  unlimited  also ;  these  are  the  conditions  upon 
which  the  theory  is  based.  The  bottom  is  supposed  to  be 
so  deep  down  that  no  disturbance  produced  by  the  passage 
of  waves  can  reach  it ;  and  the  regular  succession   of  the 
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waves  requires  the  absence  of  boundaries  to  the  space  tra- 
versed. It  is  not  sapposed,  however,  that  an  ordinary  sea- 
way conaiste  of  such  a  regular  single  series  of  waves ;  on 
the  contraryy  more  frequently  than  otherwise  two  or  more 
series  of  waves  exist  simultaneously,  over-riding  one  another, 
and  causing  a  "confused  sea,"  successive  waves  being  of 
unequal  size  and  varying  form.  But  sometimes  the  con- 
ditions assumed  are  fulfilled — a  well-defined  regular  series 
of  waves  is  met  with ;  and  from  the  investigation  of  their 
motions  it  is  possible,  as  we  shall  see  hereafter,  to  pass  to  the 
case  of  a  confused  sea.  Nor  is  it  supposed  that  only  deep- 
sea  waves  are  worthy  of  investigation ;  those  occurring  in 
shallower  water  also  present  notable  features,  but  for  our 
present  purpose  they  are  not  nearly  so  important  as  ocean 
waves,  since  these  latter  so  largely  influence  the  behaviour 
of  ships.  It  will  be  imderstood  then  that  in  what  follows, 
unless  the  contrary  is  stated,  we  are  dealing  with  a  single 
series  of  regular  deep-sea  waves. 

Any  one  observing  such  waves  cannot  fail  to  be  struck 
with  their  apparently  rapid  advance,  even  when  their 
dimensions  are  moderate.  A  wave  200  feet  in  length,  from 
hollow  to  hollow,  has  a  velocity  of  19  knots  per  hour — 
faster  than  the  fastest  steam-ship — and  such  waves  are  of 
common  occurrence.  A  wave  400  feet  in  length  has  a  velocity 
of  27  knots  per  hour;  and  an  Atlantic  storm  wave,  600 
feet  long,  such  as  Dr.  Scoresby  observed,  moves  onward  at 
the  speed  of  32  knots  per  hour.  But  it  is  most  important 
to  note  that  in  all  wave  motion  it  is  the  wave  form 
which  travels  at  these  high  speeds,  and  not  the  particles  of 
water.  This  assertion  is  borne  out  by  careful  observation 
and  common  experience.  If  a  log  of  wood  is  dropped  over- 
board  from  a  ship,  past  which  waves  are  racing  at  great  speed, 
it  is  well  known  that  it  is  not  swept  away,  as  it  must  be  if 
the  particles  of  water  had  a  rapid  motion  of  advance,  and 
as  it  would  be  on  a  tideway  where  the  particles  of  water 
move  onwards  ;  but  it  simply  sways  backward  and  forward  as 
successive  waves  pass. 


DEEP-SEA    WAVES. 


143 


Before  explaioing  this  distinction  between  the  motions  of 
the  particles  in  the  wave  and  the  motion  of  the  wave  form, 
it  will  be  well  to  illustrate  the  mode  in  which,  according  to 
the  modem  theory,  the  ware  form  or  profile  may^  be  con- 
Btmcted.  Fig.  57  will  serre  this  porpoee.  Suppose  QR  to 
be  a  straight  line,  under  which  the  large  circle  whose  radius 
is  OQ  is  made  to  roll.  The  length  QR  being  made  equal 
to  the  semi-circumference,  the  rolling  circle  will  have  com- 
pleted half  a  revolution  during  its  motion  from  Q  to  B ;  and 
if  this  length  QR  and  the  semi-circumference  QR,  are  each 


divided  into  the  same  number  of  equal  parts  (numbered 
fX>rrespODdiDgly  1,  2,  3,  &c.  in  the  diagram),  then  obviously, 
as  the  circle  rolls,  the  points  with  corresponding  numbers 
on  the  straight  line  and  circle  will  come  into  contact  succes- 
sively, each  with  each.  Next  suppose  a  point  P  to  be  taken 
on  the  radius  OR,  of  the  rolling  circle ;  this  will  be  termed 
the  "tracing  point,"  and  as  the  circle  rolls,  the  point  P 

wiU  trace  a  curve  (a  trochoid,  marked  P,  a,,  6^  «t ^a  in 

the  diagram)  which  is  the  theoretical  wave  profile  from  hollow 
to  crest,  P  marking  the  hollow  and  h^  the  crest.  The  trochoid 
may,  therefore,  be  popularly  described  as  the  curve  traced  on 
a  vertical  wall  by  a  marking-point  fixed  in  one  of  the  xpokcR  of 
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a  wheel,  when  the  wheel  is  made  to  run  along  a  level  piece 
of  ground  at  the  foot  of  the  wall ;  but  when  thus  described, 
it  would  be  inverted  from  the  position  shown  in  Fig.  57. 

To  determine  a  point  on  the  trochoid  is  very  simple.  As 
the  rolling  circle  advances,  a  point  on  its  circumference 
(say  3)  comes  into  contact  with  the  corresponding  point  of 
the  directrix-line  QR ;  the  centre  of  the  circles  must  at  that 
instant  be  (S)  vertically  below  the  point  of  contact  (3),  and 
the  angle  through  which  the  circular  disc  and  the  tracing 
arm  OP  have  both  turned  is  given  by  Q03.  The  angle 
P0<?,  on  the  original  position  of  the  circles,  equals  Q03 ; 
through  S  draw  ^  parallel  to  Oc,  and  make  Sca  equal  to 
Oe ;  then  Cj  is  a  point  on  the  trochoid.  Or  the  same  result 
may  be  reached  by  drawing  ccj,  horizontal,  finding  its  inter- 
section {c^  with  the  vertical  line  S3,  and  then  making  CiC^ 
equal  to  cc^.  In  algebraical  language,  this  may  be  simply 
expressed.  Take  Q  as  the  origin  of  co-ordinates,  QB  for 
axis  of  abscissae  {x). 

Let  radius  OQ  =  a, 
„       OP  =  J, 
angle  Q03  =  6, 
and  Xy  y  co-ordinates  of  point  c^.  on  trochoid. 

Then  x  =  Cj^j  =  c^c^^  -j-  c^Cj 

=  a^  -h  6  sin  ^ ; 

y=C,Q  =  OQ  +  0(?, 

=  a-t-J  cos  6. 

The  tracing  arm  (OP)  may,  for  wave  motion,  have  any 
value  not  greater  than  the  radius  of  the  rolling  circle  (OQ). 
If  OP  equals  OQ,  and  the  tracing  point  lies  on  the  circum- 
ference of  the  rolling  circle,  the  curve  traced  is  termed  a 
cydoid,  and  corresponds  to  a  wave  on  the  point  of  breaking. 
The  curve  K^TR,  in  Fig.  57,  shows  a  cycloid,  and  it  will  be 
noticed  that  the  crest  is  a  sharp  ridge  or  line  (at  R),  while 
the  hollow  is  a  verv  flat  curve. 

A  few  definitions  must  now  be  given  of  terms  that  will  be 
frequently  used  hereafter.   The  length  of  wave  is  it«  measure- 
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meht  (in  feet  usually)  from  crest  to  crest,  or  hollow  to 
hollow  —  QR  in  Fig.  57  would  be  the  half-length.  The 
.height  of  a  wave  is  reckoned  (in  feet  usually)  from  hollow  to 
crest ;  thus  in  Fig.  57,  for  the  trochoidal  wave,  the  height 
would  be  PA  —  twice  the  tracing  arm.  The  period  of 
a  wave  is  the  time  (usually  in  seconds)  its  crest  or  hollow 
occupies  in  traversing  a  distance  equal  to  its  own  length ; 
and  the  velocity  (in  feet  per  second)  will,  of  course,  be 
obtained  by  finding  the  quotient  of  the  length  divided  by 
the  period,  and  would  commonly  be  determined  by  noting 
the  speed  of  advance  of  the  wave  crest. 

Accepting  the  condition,  that  the  profile  of  an   ocean 
wave  is  a  trochoid,  the  motion  of  the  particles  of  water 
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in  the  wave  requires  to  be  noticed,  and  it  is  here  the 
explanation  is  found  of  the  rapid  advance  of  the  wave  form, 
while  individual  particles  have  little  or  no  advance.  The 
trochoidal  theory  teaches  that  every  particle  revolves  with 
uniform  speed  in  a  circular  orbit  (situated  in  a  vertical 
plane  which  is  perpendicular  to  the  wave  ridge),  and  com- 
pletes a  revolution  during  the  period  in  which  the  wave 
advances  through  its  own  length.  In  Fig.  58,  suppose 
P,  P,  P,  &c.  to  be  particles  on  the  upper  surface,  their  orbits 
being  the  equal  circles  shown :  then  for  this  position  of  the 
wave  the  radii  of  the  orbits  are  indicated  by  OP,  OP,  &c.  The 
arrow  below  the  wave  profile  indicates  that  it  is  advancing 
from  right  to  left ;  the  short  arrows  on  the  circular  orbits 
show  that  at  the  wave  crest  the  particle  is  moving  in  the 
same  direction  as  the  wave  is  advancing  in,  while  at  the 

L 


146  NAVAL  ARCHITECTURE.  chap.  v. 

hollow  the  particle  is  moving  in  the  opposite  direction.  It 
need  hardly  be  stated  again  that  for  these  surface  particles 
the  diameter  of  the  orbits  equals  the  height  of  the  wave. 
Now  suppose  all  the  tracing  arms  OP,  OP,  &c.  to  turn 
through  the  equal  angles  PO^,  POjp,  &c. :  then  the  points 
fy  Pi  P*  ^c.  must  be  corresponding  positions  of  particles  on 
the  surface  formerly  situated  at  P,  P,  &c.  The  curve 
drawn  through  p,  p^  p,  &c.  will  be  a  trochoid  identical  in 
form  with  P,  P,  P,  &c.,  only  it  will  have  its  crest  and  hollow 
further  to  the  left ;  and  this  is  a  motion  of  advance  in  the 
wave  form  produced  by  simple  revolution  of  the  tracing 
arms  and  particles  (P).*  The  motion  of  the  particles  in 
the  direction  of  advance  is  limited  by  the  diameter  of  their 
orbits,  and  they  sway  to  and  fro  about  the  centres  of 
the  orbits.  Hence  it  becomes  obvious  why  a  log  dropped 
overboard,  as  described  above,  does  not  travel  away  on  the 
wave  upon  which  it  falls,  but  simply  sways  backward  and 
forward.  One  other  point  respecting  the  orbital  motion  of 
the  particles  is  noteworthy.  This  motion  may  be  regarded 
at  every  instant  as  the  resultant  of  two  motions — one  ver- 
tical, the  other  horizontal — except  in  four  positions,  viz. : 
(1)  when  the  particle  is  on  the  wave  crest;  (2)  when  it 
is  in  the  wave  hollow ;  (3)  when  it  is  at  mid-height  on 
one  side  of  its  orbit ;  (4)  when  it  is  at  the  corresponding 
position  on  the  other  side.  On  the  crest  or  hollow  the 
particle  instnntaneously  moves  horizontally,  and  has  no 
vertical  motion.  At  mid-height  it  moves  vertically,  and  has 
no  horizontal  motion.  Its  maximum  horizontal  velocity 
will  be  at  the  crest  or  hollow  ;  its  maximum  vertical  velocity 
at  mid-height.  Hence  uniform  motion  along  the  circular 
orbit  is  accompanied  by  accelerations  and  retardations  of  the 
component  velocities  in  the  horizontal  and  vertical  directions. 
The  particles  which  lie  upon  the  trochoidal  upper  surface 


*  It  is  possible  to  construct  a  apparent  motion  of  advance ;   and 

very  simple  apparatus  by  which  in  lectures  delivered  at  the  Royal 

the  simultaneous  revolution  of  a  Naval  College  such  an  apparatus 

aeries  of  particles  will  produce  the  was  used  by  the  Author. 
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of  the  wave  are  situated  in  the  level  surface  of  the  water 
when  at  rest.  The  disturbance  caused  by  the  passage 
of  the  wave  must  extend  far  below  the  surface,  affecting 
a  great  mass  of  water.  But  at  some  depth,  supposing 
the  depth  of  the  sea  to  be  very  great,  the  disturbance  will 
have  practically  ceased:  that  is  to  say,  still,  undisturbed 
water  may  be  conceived  as  underlying  the  water  forming 
the  wave ;  and  reckoning  downwards  from  the  surface,  the 
extent  of  disturbance  must  decrease  according  to  some  law. 
The  trochoidal  theory  expresses  the  law  of  decrease,  and 
enables  the  whole  of  the  internal  structure  of  a  wave  to 
be  illustrated  in  the  manner  shown  in  Fig.  69.*  On  the 
right-hand  side  of  the  line  AD  the  horizontal  lines  marked 
0,  1 ,  2,  3,  &c.  show  the  positions  in  still  water  of  a  series  of 
particles  which  during  the  wave  transit  assume  the  tro- 
choidal forms  numbered  respectively  0, 1,  2, 3,  &c.  to  the  left 
of  AD.  For  still  water  every  unit  of  area  in  the  same 
horizontal  plane  has  to  sustain  the  same  pressure :  hence  a 
horizontal  plane  would  be  termed  a  surface  or  subsurface 
of  "  equal  pressure,"  when  the  water  is  at  rest.  As  the  wave 
passes,  the  trochoidal  surface  corresponding  to  that  horizontal 
j)lane  will  continue  to  be  a  subsurface  of  equal  pressure;  and 
the  particles  lying  between  any  two  planes  (say  6  and  7)  in 
still  water  will,  in  the  wave,  be  found  lying  between  the 
corresponding  trochoidal  surfaces  (6  and  7). 

In  Fig.  59,  it  will  be  noticed  that  the  level  of  the  still- 
water  surface  (0)  is  supposed  changed  to  a  cycloidal  wave  (0), 
the  construction  of  which  has  already  been  explained ;  this 
is  the  limiting  height  the  wave  could  reach  without 
breaking.  The  half-length  of  the  wave  AB  being  called  L, 
the  radius  (CD)  of  the  orbits  of  the  surface  particles  will 
be  given  by  the  equation, 

CD  =  R  =  ^  =  ^,  L  (nearly ,. 


*  This  diagram  we  borrow  from  Institution  of  Naval  Architects  for 
Mr.  Froude's  paper  on  **  Wave  1862 ;  it  was  one  of  the  first  con- 
Motion  "  in  the  Transactions  of  the      structed,  and  is  therefore  reproduced. 

L  2 
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All  the  trochoidal  subeurfaces  hAve  the  same  length  as  the 
oycloidal  BUrface,  and  conseqnently  they  are  all  generated 
hj  the  motion  of  a  rolling  circle  of  radius  K ;    but  their 
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tracing  arms — ^measuring  half  the  heights  from  hollow  to 
crest — rapidly  decrease  with  the  depth  (as  shown  by  the 
dotted  dioles),  the  trochoids  becoming  flatter  and  flatter  in 
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consequence.  The  crests  and  hollows  of  all  the  subsurfaces 
are  vertically  below  the  crest  and  hollow  of  the  upper  wave 
profile.  The  heights  of  these  subsurfaces  diminish  in  a 
geometrical  progression,  while  the  depth  increases  in  arith- 
metical progression ;  and  the  following  approximate  rule  is 
very  nearly  correct.  The  orbits  and  velocities  of  the  particles 
of  water  are  diminished  by  one-half^  for  each  additional  depth 
below  the  mid-height  of  the  surface  wave  equal  to  one-ninth 
of  a  wave  length.*     For  example — 

Depths  in  fractions  of  a  wave  length  below  ]  /%  i   o   «  4    o 

the  mid-height  of  the  surface  wave  .y'^'  »'  *'  O'  *^- 
Proportionate  velocities  and  diameters     .   1,  J,  J,  J,  ^,  &c. 

Take  an  ocean  storm  wave  600  feet  long  and  40  feet  high 
from  hollow  to  crest:  at  a  depth  of  200  feet  below  the 
surface  (f  of  length),  the  subsurface  trochoid  would  have 
a  height  of  about  5  feet;  at  a  depth  of  400  feet  (§  of 
length)  the  height  of  the  trochoid — measuring  the  dia- 
meter of  the  orbits  of  the  particles  there — would  be  about 
7  or  8  inches  only  ;  and  the  curvature  would  be  practically 
insensible  on  the  length  of  600  feet.  This  rule  is  suffi- 
cient for  practical  purposes,  and  we  need  not  give  the  exact 
exponential  formula  expressing  the  variation  in  the  radii 
of  the  orbits  with  the  depth. 

It  will  be  noticed  also  in  Fig.  59  that  the  centres  of  the 
tracing  circles  corresponding  to  any  trochoidal  surface  lie 
above  the  still-water  level  of  the  corresponding  horizontal 
plane.  Take  the  horizontal  plane  (1),  for  instance.  The 
height  of  the  centre  of  the  tracing  circle  for  the  correspond- 
ing trochoid  (1)  is  marked  E,  EF  being  the  radius ;  and 
the  point  E  is  some  distance  above  the  level  of  the  horizontal 
line  1.  Suppose  r  to  be  the  radius  of  the  orbits  for  the 
trochoid  under  consideration,  and  R  the  radius  of  the  rolling 


*  See  page  70  of   Shipbuilding,      with  Mr.  Froude,  has  done  much  to 
Theoretical   and  Practical,  edited      develop  the  trochoidal  theory, 
by  the  late  Professor  liankinc ;  who, 
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circle :  then  the  centre  (E)  of  the  tracing  circle  (i.e.  the 
mid-height  of  the  trochoid)  will  be  above  the  level  line  (1) 

by  a  distance  equal  to  -_ - .   Now  R  is  known  when  the  length 

of  the  wave  is  known :  also  r  is  given  for  any  depth  by  the 
above  approximate  rule.  Consequently,  the  reader  will  have 
in  his  hands  the  means  of  drawing  the  series  of  trochoidal 
subsurfaces  for  any  wave  that  may  be  chosen. 

Columns  of  particles  which  are  vertical  in  still  water  be- 
come curved  during  the  wave  passage ;  in  Fig.  59,  a  series 
of  such  vertical  lines  is  drawn  (see  the^n^  lines  a,  hy  e,  d,  &c.)  ; 
during  the  wave  transit  these  lines  assume  the  positions 
shown  by  the  strong  lines  (a,  6,  c,  d,  &c.)  curving  towards  the 
wave  crest  at  their  upper  ends,  but  still  continuing  to  inclose 
between  any  two  the  same  particles  as  were  inclosed  by  the 
two  corresponding  lines  in  still  water.  The  rectangular 
spaces  inclosed  by  these  vertical  lines  (a,  by  c,  (2,  &c.)  and 
the  level  lines  (0,  1,  2,  &c.)  produced  are  changed  during 
the  motion  into  rhomboidal-shaped  figures,  but  remain  un- 
changed in  area.  Very  often  the  motions  of  these  originally 
vertical  columns  of  pai-ticles  have  been  compared  to  those 
occurring  in  a  corn-field,  where  the  stalks  sway  to  and  fro,  and 
a  wave  form  travels  across  the  top  of  the  growing  com.  But 
while  there  are  points  of  resemblance  between  the  two  cases, 
there  is  also  this  important  diflFerence — the  corn-stalks  are 
of  constant  length,  whereas  the  originally  vertical  colimms 
become  elongated  in  the  neighbourhood  of  the  wave  crests, 
and  shortened  near  the  wave  hollows. 

These  are  the  chief  features  in  the  internal  structure  of  a 
trochoidal  wave,  and  in  the  following  chapter  they  will  be 
again  referred  to  in  order  to  explain  the  action  of  waves 
upon  ships.  It  is  necessary,  however,  at  once  to  draw  atten- 
tion to  the  fact  that  the  conditions  and  direction  of  fiuid 
pressure  in  a  wave  must  differ  greatly  from  those  for  still 
water.  Each  particle  in  the  wave,  moving  at  imiform  speed 
in  a  circular  orbit,  will  be  subjected  to  the  action  of  centri- 
fugal force  as  well  as  the  force  of  gravity ;  and  the  resultant 
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of  these  two  forces  must  be  fotmd  in  order  to  determine 
tlie  direction  and  magnitude  of  the  pressure  on  that  particle. 
This  may  be  simply  done  as  shown  in  Fig. 
60  for  a  surface  particle  in  a  wave.  Let 
BED  be  the  orbit  of  the  particle;  A  its 
centre ;  and  B  the  position  of  the  particle 
in  its  orbit  at  any  time.  Join  the  centre 
of  the  orbit  A  with  B ;  then  the  centrifugal 
force  acts  along  the  radius  AB,  and  the 
length  AB  may  be  supposed  to  represent 
it.  Through  A  draw  AC  vertically,  and 
make  it  equal  to  the  radius  (It)  of  the 
rolling  circle  ;  then  AC  will  represent  the 
force  of  gravity  on  the  same  scale  as  AB  does  that  of  centri- 
fugal force.  Join  UC,  and  it  will  represent  in  magnitude 
and  direction  the  resultant  of  the  two  forces  acting  on  the 
particle.  Now  it  is  an  established  property  of  a  fluid  that 
its  free  surface  will  place  itself  at  right  angles  to  the 
resultant  force  imjiressed  upon  it.  For  instance,  take  the 
simple  case  of  a   rectangular  box  (shown  in  Fig.  (il)  con- 

na  61. 


taining  water,  which  is  made  to  move  along  a  smooth  hori- 
zontal plane  by  the  continued  application  of  a  force  F ; 
then  we  shall  have  uniformly  accelerated  motion,  equal 
increments  of  velocity  being  added  in  successive  units  of 
time."     In  order  to  compare  this  force  with  that  of  gravity, 
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if  /  is  the  velocity  added  per  second  of  time,  and  W  is 
the  weight  of  the  box  and  water,  we  should  have. 

Now  it  is  well  known  that  under  the  assumed  circumstances 
of  motion  the  surface  of  the  water  in  the  box  will  no  longer 
remain  level,  but  will  attain  some  definite  slope  such  as  AB 
in  Fig.  61 ;  and  it  is  easy  to  ascertain  the  angle  of  slope. 
Through  any  point  G  draw  GH  vertical  to  represent  the 
weight  W,  and  GK  horizontal  to  represent  the  force  F ;  join 
HK,  and  it  will  represent  the  resultant  of  the  two  forces,  the 
water  surface  AB  placing  itself  perpendicular  to  the  line, 
on  the  principle  mentioned  above.* 

Reverting  to  Fig.  60,  the  resultant  pressure  shown  by  BC 
must  be  normal  to  that  part  of  the  trochoidal  surface  PQ 
where  the  particle  B  is  situated.  Similarly,  for  the  posi- 
tion Bi,  CBi  will  represent  the  resultant  force ;  PiQi,  drawn 
perpendicularly  to  CBi,  being  a  tangent  to  the  trochoid  at  Bi. 
Conversely,  for  any  point  on  any  trochoidal  surface  in  a 
wave,  the  direction  of  the  fluid  pressure  must  lie  along 
the  normal  to  that  surface.  Hence  it  follows  that  wave 
motion  involves  constant  changes  in  the  magnitude  and 
direction  of  the  fluid  pressure  for  any  trochoidal  surface; 
these  changes  of  direction  partaking  of  the  character  of  a 
regular  oscillation  keeping  time  with  the  wave  motion.  At 
the  wave  hollow  the  fluid  pressure  acts  along  a  vertical  line ; 
as  its  point  of  application  proceeds  along  the  curve,  its 
direction  becomes  more  and  more  inclined  to  the  vertical, 
until  it  reaches  a  maximum  inclination  at  the  point  of  in- 
flexion of  the  trochoid ;  thence  onwards  towards  the  crest 
the  direction  of  the  normal  pressure  is  constantly  decreasing 
until  at  the  crest  it  is  once  more  vertical.    If  a  small  raft 


t  If  a  be  the  angle  of  inclination  of  the  surface  to  the  horizon :  then 

F 
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floats  on  the  wave  (as  shown  in  Fig.  62),  it  will  at  evety 
instant  place  its  mast  in  the  direction  of  the  resultant  fluid 
pressure,  and  in  the  digram  several  positions  of  the  raft  are 
indicated  to  the  left  of  the  wave  crest.  Thate  motions 
of  the  direction  of  the  normal  to  the  trochoid  may 
be  compared  with  those  of  a  pendulum,  performing  an 
oscillation  from  an  angle  equal  to  the  maximum  inclination 
of  the  normal  on  one  side  of  the  vertical  to  an  equal  angle 
on  the  other  side,  and  completing  a  single  swing  during  a 
period  equal  to  half  the  wave  period. 


The  maximum  slope  of  the  wave  to  the  horizon  occurs  at 
a  point  somewhat  nearer  the  crest  than  the  hollow,  but  no 
great  error  is  assumed  in  supposing  it  to  be  at  mid-height  in 
ocean  waves  of  common  occurrence  where  the  radius  of  the 
tracing  arm  (or  half-height  of  the  wave)  is  about  one- 
twentieth  of  the  length.     For  this  masimimi  slope,  we  have 

„■        e        1        radius  of  tracing  circle 

bme  ol  ancle  = — 3-- 5 — ■.■        ■ — i- 

°         radius  01  rolling  circle 

half-height  of  wave 

^  length  of  wave  ~-  6-283^ 

=  3-1416  x.^*4^!:?^- 
leugtu  ot  wave 

For  waves  of  ordinary  steepness  all  practical  purptMes  are 
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served  by  writing  the  circular  measure  of  the  angle  instead 
of  the  sine ;  hence  ordinarily  we  may  say, 

Approximate  maximum  wave)     -^^o     height  of  wave 
dope  (in  degrees)    .      .      .1  length  of  wave' 

Take,  as  an  example,  a  wave  for  which  the  dimensions  were 
actually  determined  in  the  Pacific,  180  feet  long  and  7  feet 

high  : 

7 
Maximum  slope  =  180°  x  zr^r^  =  7°  (nearly). 

loU 

The  variation  in  the  direction  of  the  normal  was  in  this 
case  equivalent  to  an  oscillation  of  a  pendulum  swinging 
7  degrees  on  either  side  of  the  vertical  once  in  every  half- 
period  of  the  wave — some  3  seconds.  These  constant  and 
rapid  variations  in  the  direction  of  the  fluid  pressure  in 
wave  water  constitute  the  chief  distinction  between  it  and 
still  water,  where  the  resultant  pressure  on  any  floating 
body  always  acts  in  one  direction,  viz.  the  vertical. 

But  it  is  also  necessary  to  notice  that  in  wave  water  the 
ifUensUy  as  well  as  the  direction  of  the  fluid  pressure  varies 
fix)m  point  to  point.  Reverting  to  Fig.  60,  and  remembering 
that  lines  such  as  BC  represent  the  pressure  in  magnitude  as 
well  as  direction,  we  can  at  once  compare  the  extremes  of 
the  variation  in  intensity.  In  the  upper  half  of  the  orbit  of 
a  particle,  centrifugal  force  acts  against  gravity,  and  reduces 
the  weight  of  the  particle  ;  this  reduction  reaches  a  maxi- 
mum at  the  wave  crest,  when  the  resultant  is  represented  by 
CE  (R— r).  In  the  lower  half  of  the  orbit,  gravity  and 
centrifugal  force  act  together,  pro<lucing  a  virtual  increas(^ 
in  the  weight  of  each  particle ;  the  maximum  increase  being 
at  the  wave  hollow,  where  the  resultant  is  represented  by 
CD  (R  +  ^)*  If  *  little  float  accompanies  the  wave  motion, 
it  may  be  treated  as  if  it  were  a  particle  in  the  wave,  and 
its  apparent  weight  will  undergo  similar  variations.  In  a 
ship,  heaving  up  and  down  on  waves  very  large  as  compared 
with  herself^  the  same  kind  of  variations  will  occur,  though 
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perhaps  not  to  the  same  extent  as  in  the  little  float.  Actual 
observation  shows  this  to  be  true.  Captain  Mottez,  of  the 
French  navy,  reports  that  on  long  waves  about  26  feet  high 
the  apparent  weights  at  hoUow  and  crest  had  the  ratio 
of  12  to  8.  According  to  the  preceding  rules  we  must 
then  have, 

R-r,  8 
R  +  r     V£ 

2R^20 

2r       4' 
R  =  5r  =  5  X  13  =  65  feet. 

Length  of  waves  (by  theory)  =  27rR  =  6-28  x  65=408  feet. 

This,  in  proportion  to  the  height  recorded,  is  not  an  un- 
reasonable length ;  but,  unfortunately.  Captain  Mottez  does 
not  appear  to  have  completed  the  information  required,  by 
measuring  the  actual  length  of  the  waves.  The  important 
fact  he  proved,  however,  is  one  that  theory  had  predicted, 
viz.  that  the  heaving  motion  of  the  waves  may  produce  a 
virtual  variation  in  the  weight  of  a  ship  equivalent  to  an 
increase  or  decrease  of  one-fourth  or  one-fifth,  when  the 
proportions  of  the  height  and  length  of  the  waves  are  those 
common  at  sea. 

Instead  of  the  raft  in  Fig  62,  if  the  motions  of  a  loaded 
pole  or  plank  on-end  (such  as  SS)  be  traced,  it  will  be  found 
that  it  tends  to  follow  the  originally  vertical  lines,  and  to 
roll  always  toward  the  crest  as  they  do.  Here  again  the 
motion  partakes  of  the  nature  of  an  oscillation  of  fixed  range 
performed  in  half  the  wave  period,  the  pole  being  upright  at 
the  hollow  and  crest. 

A  ship  differs  from  both  the  raft  and  the  pole ;  for  she  has 
both  lateral  and  vertical  extension  into  the  subsurfaces  of 
the  wave,  and  cannot  be  considered  to  follow  either  the 
motion  of  the  surface  particles  like  the  raft  or  of  an  originally 
vertical  line  of  particles  like  the  pole.  This  case  will  be 
discussed  in  the  next  chapter. 
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As  a  mathematical  theory,  that  for  trochoidal  waves  is 

complete  and  satisfetctory,  under  the  conditions  upon  which 

it  is  based ;  but  sea-water  is  not  a  ^fect  fluid  such  as  the 

theory  contemplates ;  in  it  there  exists  a  certain  amount  of 

viscosity,  and  the  particles  must  experience  resistance  in 

changing  their  relative  positions.     There  is  every  reason 

to  believe  that  the  theory  closely  approximates  to  the 

phenomena  of  deep-sea  waves,  but  it  is   very  desirable 

that  extensive  and  accurate  observations  of  the  dimensions 

and  speeds  of  actual  waves  should  be  made,  in  order  to  test 

the  theory,  and  determine  the  closeness  of  its  approximation 

to  truth.     The  recorded  observations  on  waves  are  not  so 

complete  or   numerous  as  to  furnish   the  test  required; 

and  by  adding  to  them  during  their  service  at  sea,  naval 

officers  will  do  much  to  advance  one  important  branch  of  the 

science  of  naval  architecture.     The  Lords  Commissioners 

of  the  Admiralty  have  recently  issued  orders  that  careful 

observations  of  waves  shall  be  made  in  her  Majesty's  ships, 

simultaneously  with  the  observations  of  rolling ;  so  that  the 

relations  between  the  state  of  the  sea  and  the  behaviour 

of  the  ships  may   be  more   readily  discovered.     In   the 

French  navy  similar  observations  have  been  made,  and  the 

published  results  are  very   valuable.*      Mr.  Froude    has 

furnished  to  the  Admiralty  a  memorandum  on  the  method 

of  determining  at  sea,  by  simple  observation,  the  periods  and 

dimensions  of  waves ;  and  the  importance  of  correctness  in 

making  such  observations  renders  it  desirable  to  introduce 

here  a  reprint  of  the  official  method  of  observation  in  the 

Royal  Navy.    It  should  be  premised,  however,  that   no 

test  of  the  theory  can  be  applied  by  means  of  observations 

made  in  a  confused  sea ;  it  is  when  a  ship  falls  in  with  a 

series  of  waves  of  nearly  regular  form  and  period  that  the 


*  See  a  paper  on  "  The  Experi-  1873 ;  and  memoirs  by  M.  Antoiuc, 

mental    Study  of  Waves,"   by  M.  of  Brest  (analysing;  tljc  results  of 

Hertin,  in  the  Transactions  of  the  various    observations),    Lieutenant 

Institution  of  Naval  Architects  for  Paris,  and  others. 
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observations  become  most  valuable  from  a  scientific  point  of 
view.  A  regular  series  is  that  which  is  most  likely  to 
produce  the  heaviest  rolling  in  a  ship  exposed  to  its  action ; 
and  for  these  reasons  the  greatest  attention  should  be  devoted 
to  observations  of  regular  series  of  waves.  It  is  not,  however, 
desirable  that  only  such  observations  should  be  made ;  for 
much  light  might  be  thrown  upon  the  question  of  the  super- 
position of  series  of  waves,  if  the  phenomena  of  a  confused  sea 
were  carefully  noted.  Moreover,  the  actual  determination  of 
the  dimensions  of  the  solitary  waves  of  exceptional  size, 
as  compared  with  neighbouring  waves,  of  which  all  sailors 
speak,  would  furnish  very  interesting  and  much  needed 
information.  Supposing  a  single  series  of  waves  to  be 
encountered,  the  following  is  a  reprint  of  the  most  important 
parts  of  the — 


Method  op  Observing  the  Dimensions  and  Periods 
OP  Waves  Proposed  by  Mr.  Froude  and  Approved 
BY  the  Admiralty. 

The  method  of  observation  to  be  adopted  on  board  a  ship 
for  the  purpose  of  determining  the  periods  and  dimensions 
of  the  waves  she  encounters  will  naturally  be  somewhat 
different  accordingly  as  the  ship  is  (1)  stationary,  or  (2)  in 
motion.  If  she  be  stationary,  the  wave  period  may  be  at 
once  determined  by  a  single  observer,  noting  successively  the 
moment  at  which  successive  wave  crests  pass  the  particular 
part  of  the  ship  on  which  he  stands. 

In  describing  the  observations  by  which  the  length  of 
wave  is  to  be  determined,  it  is  convenient  to  assume  first  that 
the  ship  is  **  end-on  "  to  the  wave  crests.  If  the  length  of 
the  wave  be  less  than  that  of  the  ship,  two  observers  should 
watch  two  consecutive  wave  crests  which  are  rolling  past 
the  ship— one,  one ;  the  other,  the  other ;  and  should  each 
simultaneously,  on  the  word  being  given  to  them,  notice 
the  position  on  the  ship's  side  occupied  by  the  wave  he  is 
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watching.  The  interyal  between  the  positions  when  measured 
on  the  ship's  deck  is  simply  the  wave  length. 

If  the  length  of  the  wave  be  greater  than  the  ship's  length, 
the  process  is  less  simple. 

Let  a  convenient  length  (the  greater  the  better)  be  set 
out  along  the  ship's  deck;  and  at  each  end  of  the  line, 
transversely  to  it,  let  a  pair  of  battens  be  erected  so  as  to 
define,  when  used  as  sights,  a  pair  of  parallel  lines  at  right 
angles  to  the  ship's  keel,  the  interval  between  them  being 
the  length  measured  out  on  the  deck ;  and  let  an  observer 
be  stationed  at  each,  say  No.  1  at  the  end  of  the  line  which 
the  waves  first  meet,  No.  2  at  the  other. 

Let  observer  No.  1  note  the  instant  of  time  when  a  wave 
crest  passes  the  line  of  sight  marked  by  his  pair  of  battens ; 
and  let  observer  No.  2  note  it  when  the  same  wave  crest 
passes  the  line  marked  by  his ;  and  let  the  observation  be 
repeated  for  the  succeeding  wave  crest  by  one  or  other  of 
the  observers. 

This  latter  observation  at  once  fixes  the  period  of  the 
wave,  as  has  already  been  mentioned. 

If  the  times  noted  by  observers  No.  1  and  No.  2  be  com- 
pared, the  difierence  will  give  the  time  occupied  by  the 
observed  wave  crest  in  passing  the  interval  between  the  two 
parallels.  The  time  occupied  by  the  crest  in  passing  this 
known  interval  defines  the  speed  of  the  wave. 

Thus,  the  period  being  known  and  the  speed  being  known, 
the  length  maybe  immediately  deduced,  since  it  is  the  distance 
which  the  wave  having  that  speed  will  traverse  in  the  period. 

If  the  ship,  though  stationary,  be  not  end-on  to  the  waves, 
but  deviate  from  that  position  by  a  known  angle,  the  values 
of  the  speed  and  length  of  the  wave  thus  deduced  will  be 
alike  too  great,  but  they  wiU  give  the  true  values  when 
multiplied  by  the  cosine  of  the  deviation. 

If  theship  be  not  stationary,  but  moving  with  a  knownspeed, 
it  is  convenient  to  assume  as  before  that  she  is  end-on  to  the 
waves,  her  motion  being  also  end-on  to  them,  so  that  she  is 
either  running  exactly  before  the  sea  or  is  exactly  heading  it. 
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Under  these  circumstances  the  same  observations  are  to 
be  made  as  already  mentioned ;  but  the  period,  speed,  and 
length,  primarily  deduced  &om  them  require  the  following 
corrections  1 — 

The  time  which  elapses  between  the  transits  of  two  con- 
secutive wave  crests  past  observer  No.  1  or  No.  2  is 
greater  or  less  than  the  true  period,  because  the  distance 
actually  travelled  by  the  wave  during  the  time  is 
greater  or  less  than  the  true  wave  length  by  the  dis- 
tance travelled  in  the  meantime  by  the  ship,  either 
from  the  waves  or  tatvarda  the  waves.  But  as  the  speed 
of  the  ship  is  known,  the  true  speed  of  the  wave  may  be 
at  once  inferred  from  its  apparent  speed  as  primarily 
deduced  from  the  observations,  by  adding  to  it,  or 
deducting  from  it,  the  speed  of  the  ship,  according  as 
she  is  running  before  the  waves  or  heading  them ;  and 
by  help  of  this  correction  the  true  wave  length  and  true 
wave  period  may  be  readily  found. 
The  process  of  correction  may  best  be  expressed  alge- 
braically— 

If  V  be  the  speed  of  the  ship,  in  feet  per  second. 
L  the  interval  between  the  parallel  lines  defined  by  the 

battens,  in  feet. 
T  the  speed  of  the  wave,  in  feet  per  second. 
Ti  the  length  of  the  wave,  in  feet. 
T  the  period  of  the  wave,  in  seconds. 
Then,  if  the  time  occupied  by  the  wave  crest  in  passing 
over  L  be  (/)  in  seconds,  it  follows  that 

■V^tV. 

And  if  the  observed  time  between  the  transits  of  two  succes- 
sive wave  crests  past  observer  No.  1  or  No.  2  be  {'t)^  it 
follows  that 

X  =  (V  ±  V)  't  and 
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If  the  course  of  the  ship  be  not  on  a  line  at  right  angles 
to  the  wave  crest,  but  de\'iate  firom  it  by  a  given  angle,  here 
also,  as  in  the  former  case,  the  same  observations  must  be 
made,  and  these  must  primarily  be  treated  in  the  same 
manner  as  if  the  course  had  not  been  oblique.  And  here 
also  the  apparent  wave  length  and  wave  speed  thus  deduced 
will  be  too  great,  but  will  yield  the  true  values  when 
multiplied  by  the  cosine  of  the  deviation. 

Wave  heights  are  less  easy  to  determine  by  ordinary 
observation,  at  least  on  board  a  high-sided  ship.  But  when 
they  are  such  that,  if  the  ship  is  in  the  trough  of  the  sea, 
the  nearest  wave  crests  hide  the  distant  horizon  firom  the 
eye  of  an  observer  standing  on  deck,  he  may,  by  ascending 
the  rigging  or  otherwise,  place  himself  at  such  a  height 
that  the  successive  average  ridge  levels,  as  viewed  by  him 
from  the  trough,  just  reach  the  line  of  the  horizon  without 
obscuring  it.  And  if  he  measures,  or  carefully  estimates, 
the  height  of  his  eye  above  the  water,  that  height  is  correctly 
the  height  of  the  wave. 

This  height  is  prima  fade  determined  by  the  distance 
from  the  point  of  observation  to  the  plane  of  the  ship's 
natural  water-line.  But  it  must  be  borne  in  mind  that  in 
pitching  and  'scending  the  head  or  stem  of  the  ship,  when 
the  wave  hollow  passes  it,  is  often  immersed  far  deeper  than 
the  natural  water-line,  and  the  observer  must  make  due 
allowance  for  this  if  he  be  stationed  forward  or  aft;  and 
though,  by  invariably  posting  himself  in  the  ship's  waist,  he 
will  avoid  the  necessity  of  making  so  large  a  correction,  yet 
even  thus,  when  a  ship,  end-on  to  the  waves,  is  in  the  middle 
of  the  trough,  the  curvature  of  the  wave  hollow  gives  extra 
immersion  to  her  two  ends,  and  the  water  surface  amidships 
is  somewhat  below  her  natural  water-line.  Due  allowance 
must  also  be  made  for  changes  of  level  occasioned  by  rolling 
or  heeling. 

If  the  waves  are  not  high  enough  to  be  observed  in  this 
manner,  they  may  be  more  exactly  gauged  by  the  following 
apparatus,  which,  however,  is  somewhat  awkward  to  liandle. 


p^ 
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The  principle  on  which  its  application  rests  shall  first  be 
described. 

It  is  well  known  that  the  amount  of  motion  in  the  water 
of  which  a  wave  consists  declines  very  rapidly  as  it  is  traced 
to  greater  and  greater  depths  below  the  surface,  the  rate  of 
declension  being  governed  by  the  ratio  of  the  depth  below 
the  surface  to  the  length  of  the  wave ;  so  much  so  that  at  a 
depth  equal  to  the  length  of  the  wave  the  motion,  whether 
horizontal  or  vertical,  is  less  than  ^J^  part  of  what  it  is  at 
the  surface,  and .  the  water  may  be  regarded  as  practically 
undisturbed.  Advantage  may  be  taken  of  this  undisturbed 
water  as  a  basis  from  which  to  measure  the  undulations  at 
the  surface,  iu  the  following  manner. 

Let  a  light,  tapered  spar  be  prepared,  of  a  length  about 
four  times  the  height  of  the  highest  waie  to  be  observed, 
and  of  as  small  a  diameter  as  its  length  permits,  with  a  view 
to  both  safety  and  facility  of  handling ;  and  let  it  be  painted 
from  its  smaller  end  downwards,  in  divisional  spaces  of,  say, 
2  feet  each,  alternately  black  and  white,  with  distinguishing 
marks  in  red  and  blue  to  assist  an  observer  in  counting  the 
Bpaoes  from  a  distance. 

This  pole,  when  in  use,  is  "  anchored  "  (in 
a  manner  presently  to  be  described)  by  its 
foot  or  larger  end  to  the  undisturbed  sub- 
jacent water,  with,  say,  a  deep-sea  line  as 
"  cable,"  and  stands  upright  like  the  stem 
of  a  hydrometer,  the  weight  and  quasi- 
fixedneas  of  the  so-called  "  anchor  "  serving 
at  once  to  keep  the  pole  perpendicular  and 
to  maiutaiu  its  summit  at  a  definite  eleva- 
tion, about  one  quarter  of  its  entire  length, 
above  the  mean  sea-level. 

Por  the  "anchor"  let  a  light  frame, 
such  as  is  shown  in  Fig.  (J3,  about  4  feet 
square,  be  formed  of  painted  hard  wood, 
such  as  will  not  readily  become  water- 
soaked,  aud  let  canvas  or  sheet-iron   be  tightly  stretehed 
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over  it  and  secnrely  nailed  to  the  edges.  Let  four  stent 
lines  be  secured  to  its  four  comers,  forming  a  quadruple 
bridle,  the  four  parts  of  which,  as  sketched,  are  united 
upwards,  centrally,  in  the  deep-sea  line  which  forms  the 
**  cable,"  and  downwards  in  a  bight,  or  hook,  to  which  the 
requisite  ballast  can  be  attached. 

The  other  end  of  the  line  must  be  secured  to  the  foot  of 
the  pole,  with  such  a  length  or  scope  as  to  allow  the  frame 
to  sink  to  the  undisturbed  water,  at  a  depth  equal  to 
not  less  than  the  length  of  the  longest  wave  which  affects 
the  surface.  The  weight  of  ballast  attached  must  be  such 
as  to  sink  the  frame  and  hold  down  the  pole  to  the  required 
immersion. 

This  adjustment  may  be  made  with  the  line  at  short  scope ; 
but  then  it  will  be  observed  that  the  apparatus,  having  hold 
of  the  water  at  but  a  short  depth  below  the  surface,  will  rise 
and  fall  with  the  larger  waves,  while  the  shorter  and  com- 
paratively shallow  waves  will  wash  up  and  down  the  pole. 

Care  should  be  taken  not  to  under-estimate  the  length  of 
long  low  waves.  These  are  frequently  so  low  as  to  be  too 
undistinguishable  for  measurement  of  length  or  period  in 
the  manner  described,  especially  when  the  surface  is  con- 
fused by  the  presence  of  smaller  waves.  Yet  these  long,  low, 
and  almost  invisible  waves  are  objects  of  great  interest,  and 
are  very  deserving  of  observation,  because  it  is  generally  in 
virtue  of  their  perhaps  unsuspected  operation  that  a  large 
ship  is  occasionally  found  to  roll  with  surprising  range  and 
persistence,  when  no  adequate  cause  for  this  presents  itself; 
though  probably  an  entirely  sufiBcient  cause  would  be  found 
to  exist  in  the  fact,  which  the  observations  here  suggested 
can  alone  sufficiently  disclose,  that  these  unseen  waves  exist 
and  possess  a  period  the  same  as  that  of  the  ship.  It  is  not 
safe  to  assume  their  length  as  less  than  600  or  700  feet. 

When  the  apparatus  is  to  be  used,  the  weighted  frame 
must  first  be  lowered  into  the  water,  and  allowed  to  sink 
gradually  ;  then  the  pole  must  be  got  overboard  and  allowed 
to  adjust  its  immersion  to  the  load  it  carries.     So  soon  as  it 
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has  thus  settled  itself,  the  waves  at  the  surface  will  be  seen 
to  rise  and  fall  up  and  down  its  side,  just  as  if  it  were  the 
standard  of  a  fixed  beacon,  it  being  (as  has  been  said)  in 
effect  anchored  in  the  undisturbed  water  below,  and  the  levels 
reached  by  the  wave  ridges  and  wave  hoUows  on  the  painted 
divisional  spaces  may  be  read  off,  and  the  wave  period  noted 
with  ease  and  exactness,  if  the  ship  which  carries  the  observer 
be  kept  pretty  close  to  the  pole.  It  must  be  borne  in  mind, 
in  using  this  apparatus,  that,  in  spite  of  all  precautions,  if  it 
is  kept  very  long  in  the  water,  both  the  pole,  the  line,  and 
the  frame,  will  become  gradually  water-soaked,  and,  there- 
fore, the  pole  more  and  more  immersed,  so  that  it  may 
eventually  sink  altogether,  since  the  reserve  of  flotation  is 
not  large ;  but  if  the  wood  has  been  well  painted,  it  will 
allow  probably  a  couple  of  hours'  observation. 

[End  of  ths  Mbmobakdum  of  Mb.  Fboude.] 

Other  methods  of  observing  the  dimensions  of  waves  have 
been  devised  and  used;  some  of  them,  like  the  machine 
designed  by  Admiral  Paris,  of  the  French  navy,  being  auto- 
matic in  their  action,  and  giving  a  continuous  record  of  the 
heights  of  the  wave  profile  at  every  instant  upon  the  scale 
of  measurement.  When  the  waves  are  not  high  enough  to 
use  the  method  of  horizon  observation,  it  is  necessary  that 
any  other  method  of  measuring  heights  should  refer  them  in 
some  manner,  as  is  done  in  the  preceding  memorandum,  to 
the  level  of  the  practically  still  water  underlying  the  water 
disturbed  by  the  wave  motion.  Lengths  and  periods  of 
waves  are  easily  determined  when  a  single  series  is  encoun- 
tered, but  the  correct  observation  of  heights  is  far  more 
difficult;  and  it  is  here  that  probably  the  greatest  exag- 
gerations have  occurred  in  statements  of  the  dimensions* 
Waves  "  mountain-high "  have  passed  into  a  proverb,  but 
they  cannot  be  discovered  in  any  trustworthy  record,  and 
probably  never  existed  in  the  deep  sea. 

In  justification  of  this  statement  it  may  be  well  to  briefly 
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summarise  the  principal  dimensions  of  the  largest  waves  of 
which  we  have  any  trustworthy  accounts.  The  longest  wave 
observed  was  measured  by  Captain  .Mottez,  of  the  French 
navy,  in  the  North  Atlantic,  and  had  a  length  of  2720  feet 
— half  a  mile  —  from  crest  to  crest;  its  period  was  23 
seconds.  In  the  South  Atlantic,  Sir  James  Boss  observed 
a  wave  1920  feet  long.  The  largest  waves  observed  in 
European  waters  are  said  to  have  had  a  period  of  19| 
seconds,  corresponding  to  a  theoretical  length  of  some 
2000  feet;  in  the  Bay  of  Biscay  waves  have  been  noted 
having  a  length  of  1320  feet.  These  monster  waves  are 
not,  however,  commonly  encountered,  and  waves  having  a 
length  of  600  to  700  feet  would  ordinarily  be  regarded  as 
large  waves.  Dr.  Scoresby's  largest  Atlantic  storm  waves 
had  lengths  of  about  500  to  600  feet,  and  periods  from 
10  to  11  seconds.  According  to  the  best  authorities,  ocean 
waves  of  24  seconds'  period,  and  some  3000  feet  in  length, 
may  be  taken  as  the  extreme  limit  of  size  yet  proved  to 
exist;  waves  of  18  seconds'  period,  and  about  1650  feet  in 
length,  constitute  the  upper  limit  in  all  except  extraordinary 
cases ;  and  what  may  be  called  common  large  storm  waves 
have  periods  varying  from  6  to  9  seconds,  the  corresponding 
lengths  varying  from  200  to  400  feet. 

Turning  next  to  heights,  we  find  reports  of  estimated 
heights  of  100  feet  from  hollow  to  crest,  but  no  verified 
measurement  exists  of  a  height  half  as  great  as  this.  The 
highest  trustworthy  measurements  are  from  44  to  48  feet — 
in  itself  a  very  remarkable  height.  Scoresby  and  others  have 
measured  heights  of  about  40  feet,  and  there  are  several 
records  of  heights  exceeding  30  feet.  Waves  having  a  greater 
height  than  30  feet  are  not  commonly  encountered.  All 
these  figures,  be  it  understood,  refer  to  a  single  series  of 
waves,  and  not  to  one  or  more  series  superposed  on  one 
another,  nor  to  any  great  local  rise  of  level  due  to  the  waves 
driving  against  a  shore,  or  passing  over  an  isolated  rock. 

An  explanation  of  the  causes  of  unintentional  exaggeration 
in  the  estimate  of  wave  heights  will  at  once  suggest  itself 


CHAP.  V.  DEEP-SEA    WAVES.  1 65 

when  the  variation  in  the  direction  of  the  normal  to  the 
wave  slope  (previously  explained)  is  taken  into  account. 
To  an  observer  standing  on  the  deck  of  a  ship  which  is 
rolling  amongst  waves,  nothing  is  more  difficult  than  to 
determine  the  true  vertical  direction,  along  which  the 
height  of  the  wave  must  be  measured.  If  he  stands  on 
the  raft  shown  in  Fig.  64,  he 
will,  like  it,  be  affected  by  the 
wave  motion;  and  the  apparent 
vertical  at  any  instant  will  be 
coincident  with  the  masts  of 
the  raft  and  normal  to  the  wave  slope.  He  will  therefore 
suppose  himself  to  be  looking  horizontally  when  he  is  really 
looking  along  a  line  parallel  to  the  tangent  to  the  wave 
slope  at  that  point,  which  may  be  considerably  inclined  to 
the  horizon.  Suppose  TT,  Fig.  64,  to  represent  this  line 
for  any  position :  then  the  apparent  height  of  the  waves  to 
an  observer  will  be  HT,  which  is  much  greater  than  the  true 
height.  If  the  observer  stands  on  the  deck  of  a  ship,  the 
conditions  will  be  similar ;  the  normal  to  what  is  termed 
the  "effective  wave  slope"*  determines  the  apparent 
vertical  at  any  instant ;  and  the  only  easy  way  of  deter- 
mining the  true  horizontal  direction  is  by  making  an  ob- 
servation of  the  horizon  as  described  above.  The  extentof 
the  possible  error  thus  introduced  will  be  seen  from  an 
example.  Take  a  wave  250  feet  long  and  13  feet  high; 
its  maximum  slope  to  the  horizontal  is  about  9  degrees. 
Suppose  a  ship  to  be  at  the  mid-height  between  hollow  and 
crest,  and  the  observer  to  be  watching  the  crest  of  the  next 
wave ;  standing  about  the  water  level,  the  wave  height  will 
seem  to  be  about  30  feet  instead  of  13  feet.  The  steeper  the 
slope  of  the  waves,  the  greater  liability  is  there  to  serious 
errors  in  estimates  of  heights,  unless  proper  means  are  taken 
to  determine  the  true  horizontal  and  vertical  direction.  In 
some  cases  the  apparent  height  would  be  about  three  times 


*  This  phnisc  will  be  explained  in  the  succeeding  chapter. 
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the  real  height  This  is  a  matter  of  very  great  importance 
to  naval  officers^  not  merely  as  regards  the  height  of  waves, 
but  also  the  behaviour  of  ships. 

Next  as  to  the  ratio  of  the  heights  to  the  lengths  observed 
in  deep-sea  waves.  All  authorities  agree  that,  as  the  lengths 
increase,  this  ratio  diminishes,  and  the  wave  slope  becomes 
less  steep.  The  shortest  waves  are  the  steepest ;  and  the 
greatest  recorded  inclinations  are  for  very  short  waves  where 
the  ratio  of  height  to  length  was  about  1  to  6.  For  a 
cycloidal  wave  it  will  be  remembered  that  the  ratio  is  about 
1  to  3*14 ;  so  that  in  the  steepest  deep-sea  waves  observed  this 
ratio  is  only  about  one-half  that  of  the  theoretical  limiting 
case.  For  waves  from  330  to  350  feet  in  length,  the  ratio  of 
1  to  8  has  been  observed,  but  these  were  probably  exception- 
ally steep  waves ;  for  waves  of  500  to  600  feet  in  length,  it 
falls  to  about  1  to  20 ;  and  for  the  longest  waves,  of  uncommon 
occurrence,  it  is  said  to  fall  so  low  as  1  to  60.  But  it  is  obvious 
that  all  measurements  of  such  gigantic  waves  must  be  at- 
tended with  great  difficulties,  so  that  the  results,  even  when 
the  greatest  care  is  taken,  are  only  receivable  as  fair 
approximations.  It  seems  probable  that,  in  waves  of  the 
largest  size  commonly  met,  the  height  does  not  exceed 
one-twentieth  of  the  length ;  and  the  higher  limit  of  steep- 
ness in  ocean  waves,  which  are  large  enough  to  considerably 
influence  the  behaviour  of  ships,  does  not  give  a  ratio  of 
height  to  length  exceeding  1  to  10.  Long  series  of  observa- 
tions made  in  ships  of  the  French  navy  show  that  a  common 
value  of  the  height  is  about  one-twenty-fifth  or  one- 
thirtieth  of  the  length.  Waves  from  500  to  900  feet  in 
length  are  sometimes  encountered,  having  heights  of  from 
5  to  10  feet  only.  Hereafter  it  will  be  seen  that  the 
decrease  of  steepness  accompanying  an  increase  in  length 
and  period  is  a  most  fortimate  circumstance  for  the  good 
behaviour  of  ships  at  sea. 

The  trochoidal  theory  connects  the  periods  and  speeds  of 
waves  with  their  length  alone,  and  does  not  take  any  account 
of  the  height,  except  to  fix  the  limiting  ratio  of  height  to 
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length  in  a  cycloidal  waye.  The  principal  formul®  for 
lengths,  speeds,  and  periods  for  trochoidal  waves  are  as 
follows : — 

I.  Length  of  wave  (in  feet)  =  5'123  x  square  of  period  (in 

seconds) 
=  5J  X  square  of  period  (nearly), 

IL  Speed  of  wave  (in  feet  I  ^  g.jgg  ^       j^ 
per  second) .     .     .J 


=  \/5?123  X  length 
=  2J\/length  (nearly). 


IIL  Speed  of   wave  (in  I      «  •  j  /        1 1  n 

knots  per  hour)    .  |  =  3  x  penod  (roughly). 

IV.  Period  (in  seconds)  =\/ g°^    =  g\/i^ngth  (nearly). 

V.  Orbital  velocity!     ,       ^  ofl      3-1416  x  height  of  wave 

of  particles  on  U      ^^^^   U i^h^f^^^;^^^ 

surface     .      .|     '  '  ^ 

„.        heiffht  of  wave    ,        .  . 
=  74  X    y,        ,     ,.  (nearly). 

^     Vlength  ol  wave  ^         '' 

To  illustrate  these  formul®,  we  will  take  the  case  of  a 
wave  400  feet  long  and  15  feet  high.    For  it  we  obtain, 

4   /— 
Period  =  r\/400  =  8|  seconds. 

9 

Speed  =  jv/ioo  =  45  feet  per  second 

=  3  X  8f  =  26§  knots  per  hour. 

Orbital  velocity  of  I      ,71^^      15      c,  /.    .  j 

/-      }  =  •  i X    y =  5+  feet  per  second. 

surface  particles  |  v400 

It  will  be  remarked  that  the  orbital  velocity  of  the  particles 
is  very  small  when  compared  with  the  speed  of  advance ; 
and  this  is  always  the  case.  In  formula  V,  if  we  substitute, 
as  an  average  ratio  for  ocean  waves  of  large  size. 

Height  =  ^  X  length, 
the  expression  becomes — 
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Orbital  velocity  of  surfftce  particles  =  7^  x  ^Jilg^g^ 

vlength 

=  0-355  Vlength. 

Comparing  this  with  Formula  11.  for  speed  of  advance,  it 
will  be  seen  that  the  latter  will  be  between  six  and  seven 
times  the  orbital  velocity. 

The  periods  of  waves  are  most  easily  observed,  and  the  fol- 
lowing table  will  be  useful  as  giving  tlie  lengths  and  speeds 
of  trochoidal  waves  for  which  the  periods  are  known : — 


Period. 

Length. 

Speed  of  Adrance. 

Seconds. 

Feet. 

Feet 
per  Second. 

Knoto 
per  Hoar. 

1 

5-12 

5-12 

303 

2 

20-49 

10-24 

6-07 

3 

46-11 

15-37 

9-1 

4 

81-97 

20-49 

12-14 

5 

128-08 

25-62 

15- 17 

6 

184-44 

30-74 

18-21 

7 

251-04 

35-86 

21:24 

8 

327*89 

40-99 

24-28 

9 

414-99 

46-11 

27-31 

10 

512-33 

51-23 

30-35 

11 

619-92 

56-36 

33-38 

12 

737-76 

61-48 

36-42 

13 

865-84 

66-6 

39-45 

14 

1004-17 

71-73 

42-49 

15 

1152-74 

76-85 

45-52 

16 

1311-66 

81-97 

48-56 

Systematic  observations  of  ocean  waves  such  as  are  now 
ordered  to  be  made  in  the  Eoyal  Navy  have  not  yet  been 
sufficiently  long  continued  to  enable  any  test  of  the  correct- 
ness of  the  trochoidal  theory  to  be  made  from  them. 
In  the  French  navy,  however,  more  has  been  done  in  this 
direction,  and  better  information  is  accessible  from  the 
accounts  published  by  various  officers.*    It  now  seems  to  be 


*  The  observations  of  Lieute- 
nant Paris,  published  in  the  Revue 
maritime  (vol.  xxxi.),  and  those  of 
M.  Duhil  de  Benaz^,  as  well  as  tho 


analyses  of  numerous  observations 
made  in  different  ships,  published 
by  MM.  Berlin  and  Antoine  respec- 
tively, deserve  special  mention. 
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a  well-established  fact  that  the  formula  (given  on  page  167) 
connecting  the  periods  and  lengths  of  waves  is  a  very  good 
approximation  to  truth.  Theory  and  the  observations  are 
not  in  complete  accordance,  as  will  be  seen  from  the  follow- 
ing table ;  but  having  regard  to  the  difficulties  of  securing 
accurate  measurements  of  lengths  of  waves,  the  results  show 
a  close  agreement  between  the  two.  M.  de  Benaz^  and 
Lieutenant  Paris  have  published  the  figures  subjoined. 

Half-i^engths  of  Waves. 


Observed. 

Calcalated. 

Observed. 

CHlcalated. 

1 
1 

• 

Metres. 

{    52-5 

90 

75 

48 

70 

130 

I    67-5 

Metres. 
53-4 
83-4 
57-1 
49-9 
75 
146 
70-5 

j' 

Metres. 
i   53 

38 

74 

39 

60 
I  31 

Metres. 
45 
30 
58 
33 
59 
25 

A  metre  is  3*281  feet. 

It  will  be  noted  that  in  all  the  observations  of  M.  Paris 
the  observed  lengths  exceed  the  calculated;  whereas  in 
those  of  M.  de  Benaze,  in  all  except  two  cases,  the  observed 
lengths  fall  below  those  given  by  calculation.  It  would 
appear  that  usually  the  observed  lengths  are  rather  less 
than  the  theoretical  lengths ;  and  M.  Antoine,  after  carefully 
analysing  numerous  observations  made  on  board  ships  of 
the  French  navy,  apparently  reaches  the  same  conclusion. 
The  method  of  averages  applied  to  such  a  case  as  this  can- 
not be  regarded  as  trustworthy,  esi)ecially  when  it  is  known 
that  in  some  instances  errors,  of  considerable  proportionate 
magnitude,  exist  in  the  individual  observations;  but  in  the 
main  it  is  agreed  that  the  expression,  deduced  from  theory, 
for  the  length  in  terms  of  the  period  gives  good  results. 
When  the  observations  now  being  made  in  all  parts  of  the 
world  by  officers  of  the  Eoyal  Navy  have  been  collected  and 
analysed,  we  shall  probably  obtain  confirmatory  evidence  on 
the  point ;  and  it  is  one  to  which  we  would  particularly 


I/O 


NAVAL  ARCHITECTURE. 


CHAP.  V. 


■^ 


direct  the  leader's  attention,  should  he  propose  malring 
observations  of  waves. 

During  a  voyage  of  more  than  two  years,  Lieutenant  Paris 
observed  and  recorded,  several  times  each  day,  the  state  of 
the  sea,  ond  firom  these  materials  he  subsequently  prepared 
the  following  table,  showing  the  periods  of  the  waves  most 
likely  to  be  encountered  in  th^  following  localities : — 


Atlantic  (the  Trades) 

South  Atlantic  (region  of  the  westerly  winds)    . 
Indian  Ocean,  South  (region  of  the  easterly  winds) 

Indian  Ocean  (trade  winds) 

China  Seas 

West  Pacific 


Mean  Period. 

SeooodL 

6-8 

9-6 

7-6 

7-6 

6-9 

8-2 

**  This,*'  says  M.  Bertin,*  "  is  no  doubt  a  mere  sketch,  as 
*^  regards  the  mean  condition  of  the  sea,  to  be  completed 
*^  and  controlled  by  new  researches ;  but  it  affords  a  measure 
'^  of  what  can  be  done  in  a  single  voyage."  To  all  naval 
officers  the  naval  architect  may  safely  appeal  to  extend  this 
branch  of  knowledge,  affecting,  as  it  does,  very  intimately 
the  proper  construction  of  ships;  and  even  if  the  circum- 
stances of  their  service  should  prevent  such  a  comprehensive 
statement  as  the  above  being  furnished  by  individual  officers, 
the  aggregate  of  the  observations  made  by  the  ships  of  the 
Boyal  Navy  ought  far  to  exceed  in  importance  and  value 
the  contributions  derived  from  other  sources.  We  need, 
above  all,  careful  observations  of  wave  periods ;  these  should 
be  accompanied  by  statements  of  the  lengths ;  and,  lastly, 
we  need  much  more  accurate  and  extensive  observations  of 
the  heights  and  steepnesses  of  waves. 

Theory,  as  was  previously  remarked,  fixes  the  limiting 
ratio  for  height  to  length  (the  cycloidal  form)  in  waves, 
but  even  on  the  steepest  deep-water  waves  this  is  not 


•  In  his  essay  on  the  "  Experimental  Study  of  Waves,"  Trandoctions 
of  Institution  of  Naval  Architects  for  1873. 
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approached.  Obserration  of  actual  wayes  can  therefore 
alone  be  trusted  to  satisfiEtctorily  settle  this  part  of  the 
subject.  French  inyestigators  have  endeavoured  to  for- 
mulate the  results  of  such  observations  in  expressions  con- 
necting the  heights  of  waves  with  the  force  of  the  wind. 
Admiral  Coupvent  Desbois,  in  his  memoir  ^^  On  the  Height 
of  the  Waves  at  the  Surface  of  the  Sea,"*  laid  down  a  pro- 
visional theory,  based  upon  ten  thousand  actual  observations, 
that  the  cube  of  the  height  of  the  waves  is  proportional  to 
the  square  of  the  speed  of  the  wind.  M.  Antoine,  adopt- 
ing this  law,  has  made  a  very  extensive  analysis  of  the 
simultaneous  obsetTations  of  heights  of  waves  and  force 
of  wind,  recorded  in  returns  from  ships  of  the  French  navy, 
in  order  to  see  how  far  it  may  be  trusted.  He  proposes  the 
following  formul8B,t  which  we  give  as  only  a  roogh  and 
ready  means  of  approximation,  with  the  hope  that  they  may 
hereafter  be  improved  upon  by  English  observers ;  the  im- 
portant problem  to  which  they  apply  being  at  present 
unsolved,  and  the  reasoning  upon  which  the  formulae  are 
based  being  open  to  serious,  if  not  fatal,  objections. 

Let  V  =  speed  of  waves  (in  metres), 
t;=         „      wind        „ 
2L  =  length  of  waves      „ 
2T  =  period       „      (in  seconds), 
2H  =  height       „      (in  metres). 

Then,  assuming  Admiral  Coupvent  Desbois'  law  tQ  hold,  the 
following  are  considered  to  be  good  approximations : — 

2H=  0-75  xt;^  ...  (1) 

2L=30t;^       .  •      •      •  (2) 

2T=    4-4t;i  .  ,     .     .  (3) 

V=    6-9t;i  •  .     .     .  (4) 

The  "  constants  "  in  equations  (1)  and  (4),  M.  Antoine  derives 
from  an  analysis  of  numerous  observations ;  those  in  equa- 

♦  See    the   Comptes    rendus  de      les  Lames  de  haute  mer.  May   19 
VAcadimie  des  Sciences  of  1866.  1876 ;  also  Naval  Science  for  1874. 

t  iSee^o^  coinpi^mentaires  sur 
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tions  (2)  and  (3)  are  derived  from  (4)  by  means  of  the 
theoretical  formula  given  on  page  167.  Taking  130  ob- 
servations made  in  vessels  of  the  French  navy,  M.  Antoine 
classifies  them  as  follows : — 


Speed  of 
Wind. 


Number  of 

Observations 

per  Series. 


Metres  per 
Seoood. 

1-5 

4 

7 
11 
16 
22 
29 
37 


12 
16 
18 
29 
22 
19 
11 
3 


Wares. 


Mean  Lengths. 


(lilcalated  by 
Observed.  >  Approximate 
Formula. 


Mean  Heights. 


,  Calculated  bj 

Observed.  I  Approximate 

i    Formula. 


Metres. 

54-6 
63-7 
87-9 
79- 

100 
90 

131 

180 


i 


Metres. 

Metres. 

36 

1-7 

60 

2-4 

79-5 

3-2 

99-6 

4 

120 

5-4 

141 

51 

161 

7-7 

182 

8-5 

Metres. 
1 


1 
2 
3 

4" 
5 
7- 
8 


9 
7 
7 
8 
9 
1 
3 


It  will  be  observed  that  the  calculated  heights  agree 
very  closely  with  the  observed  heights ;  whereas  there  are 
very  considerable  differences  between  the  calculated  and  the 
observed  lengths.  M.  Antoine,  having  regard  to  possible 
errors  in  the  various  observations  of  winds  and  waves  from 
which  his  constants  in  the  formulae  are  deduced,  proposes 
to  await  further  tests  of  his  tentative  formulae  before 
modifying  them.  He  does  not,  however,  appear  to  con- 
template other  than  ordinary  wave  forms  in  his  formulae, 
nor  to  have  tried  his  constants  by  the  inverse  process  of 
taking  ascertained  dimensions  for  waves,  and  seeing  what 
speed  of  wind  would  be  required  to  create  them,  in  accord- 
ance with  his  formulae.  Take,  for  instance,  Scoresby's 
Atlantic  waves  600  feet  long  by  40  feet  high.  We  have 
from  the  preceding  formulae,  for  the  velocity  of  the  wind 
which  would  create  such  waves, 

/  40       4\2^ 
t;  =  f  'T7:p;>  ^  o  )      =  ^*^  metres  per  second  (about). 

6^  vlY-37 
28      30/  ~  " 


By  (1) : 
By  (2) : 
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The  velocity  of  64  metres  exceeds  that  of  the  wind  in  a 
hurricane ;  that  of  37  metres  is  very  high ;  whereas  it  is  a 
matter  of  actual  observation  that  waves  of  the  dimensions 
named  are  created  by  winds  having  no  such  extraordinary 
speed.  Nothing  further  need  be  added  to  show  that  formulae 
which  conduct  to  such  results  cannot  be  regarded  as  trust- 
worthy. Their  interest  really  centres  in  the  attempt  made 
thereby  to  express,  in  terms  of  the  wind  speed,  wave 
features  which  must  depend  upon  the  force  and  speed  of 
the  wind ;  and  it  is  for  that  reason  they  have  been  here 
given,  not  as  representing  accurately  or  even  with  general 
approximation  the  law  of  this  dependence. 

No  theory  has  yet  been  accepted  which  represents  the 
genesis  of  waves ;.  the  trochoidal  theory  merely  deals  with 
waves  already  created,  and  maintaining  unaltered  forms 
and  velocities.  There  can,  of  course,  be  no  question  but 
that  waves  result  from  the  action  of  the  wind  on  the 
sea,  and  that  there  must  be  some  connection  between  the 
character  and  the  force  of  the  wind  and  the  dimensions  and 
periods  of  the  waves.  But  as  yet  we  have  not  sufficient 
knowledge  to  determine  either  the  mode  of  action  of  the 
wind  or  the  law  connecting  its  force  with  the  dimensions  of 
waves.  Here  again  is  a  field  where  careful  and  extensive 
observations  can  alone  be  relied  upon ;  pure  theory  would 
be  useless.  And  here  is,  perhaps,  the  most  difficult 
task  which  the  naval  officer,  desirous  of  advancing  our 
knowledge,  can  face ;  but,  on  the  other  hand,  if  it  be  suc- 
cessfully accomplished,  the  results  will  be  interesting  and 
valuable. 

In  the  preceding  pages  it  has  been  shown  that,  with  care, 
the  lengths,  heights,  and  periods  of  waves  may  be  determined 
very  closely  when  the  sea  is  not  confused ;  and  it  is  also 
possible,  with  care,  to  ascertain  simultaneously  the  force  or 
speed  of  the  wind.  But  it  is  to  be  noted  that  the  rapidity 
with  which  waves  travel,  and  the  fact  that  they  maintain 
their  lengths  and  speeds  almost  unchanged  even  when  the 
force  of  the  wind  decreases  and  the  wave  height  becomes 
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less,  make  it  necessary  to  exercise  great  caution  in  asso- 
ciating any  observed  force  of  wind  with  the  lengths  and 
periods  of  waves  observed  simultaneously.  The  importance 
of  this  matter  justifies  further  illustration. 

If  the  wind  is  at  first  supposed  to  act  on  a  smooth  sea, 
and  then  to  continue  to  blow  with  steady  force  and  in  one 
direction,  it  will  create  waves  which  finally  will  attain 
certain  definite  dimensions.  The  phases  of  change  from  the 
smooth  sea  to  the  fully  formed  waves  cannot  be  distinctly 
traced.  It  is,  however,  probable  that  changes  of  level, 
elevations  and  depressions,  resulting  from  the  impact  of  the 
wind  on  the  smooth  surface  of  the  sea,  and  the  frictional 
resistance  of  the  wind  on  the  water  are  the  chief  causes  of 
the  growth  of  waves.  An  elevation  and  its  corresponding 
depression  once  formed  ofifei*  direct  resistance  to  the  action 
of  the  wind,  and  its  unbalanced  pressure  producing  motion 
in  the  heaped-up  water  would  ultimately  lead  to  the  creation 
of  larger  and  larger  waves.  This  is  probably  the  chief 
cause  of  wave  growth,  frictional  resistance  playing  a  very 
subordinate  part  as  compared  with  it.  So  long  as  the  speed 
of  the  wind  relatively  to  that  of  the  wave  water  is  capable 
of  accelerating  its  motion,  so  long  may  we  expect  the  speed 
of  the  wave  to  increase ;  and  with  the  speed  the  length, 
and  also  the  height.  Finally,  the  waves  reach  such  a 
speed  that  the  wind  force  produces  no  further  acceleration, 
and  only  just  maintains  the  form  unchanged ;  then  we 
have  the  fully  grown  waves.  If  the  wind  were  now  sud- 
denly withdrawn,  the  waves  would  gradually  decrease  in 
magnitude  and  finally  die  out.  This  degradation  results 
from  the  resistance  due  to  the  molecular  forces  in  the 
wave — viscosity  of  the  water,  &c. — and  when  the  waves 
are  fully  grown,  the  wind  must  at  every  instant  balance  the 
molecular  forces.  If  the  water  were  a  perfect  fluid  (the 
particles  moving  freely  past  one  another),  and  if  there 
were  no  resistance  to  motion  on  the  part  of  the  air,  the 
waves  once  formed  would  travel  onwards  without  degra- 
dation.    But  in  sea-water  the  degradation  takes  place  at 
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a  rate  dependent  upon  the  ratio  of  the  resistance  of  the 
molecular  forces  to  the  **  potential  energy  "  of  the  wave.* 
At  each  instant  the  resistance  abstracts  a  certain  amount 
from  the  energy  of  the  wave,  and  consequently  the  height 
decreases.  The  period  and  length  of  the  wave  might  remain 
almost  unchanged,  and,  it  would  seem  from  observation, 
really  do  so,  while  the  height  decreases ;  just  as  it  has  been 
shown  that  in  a  ship  oscillating  in  still  water  the  resistance 
developed  gradually  diminishes  the  range  of  oscillation 
without  decreasing  the  period  sensibly. 

Between  this  condition  of  fully  grown  waves  and  the  case 
of  waves  gradually  dying  out  in  a  dead  calm  lies  that  which 
commonly  occurs  where  the  waves  are  gradually  dying  out, 
but  the  wind  still  has  a  certain  force  and  speed.  Then  an 
observer,  noting  the  dimensions  of  the  waves  and  force  of 
the  wind  simultaneously,  might  record  lengths  and  periods 
corresponding,  not  to  the  observed  force  of  wind,  but  to  the 
force  which  existed  when  the  waves  were  of  their  full  size. 
On  the  other  hand,  there  would,  in  all  probability,  be  it 
correspondence  between  the  observed  force  of  wind  and 
the  observed  heights,  and  an  analysis  of  the  recorded 
observations  made  by  ofScers  of  the  French  navy  con- 
firms this  view.t  Nothing  but  the  closest  attention  on  the 
part  of  an  observer  can  enable  him  to  make  his  records  a 
trustworthy  basis  for  theory ;  for  it  is  in  his  power  alone, 
having  regard  to  all  the  circumstances  of  the  observations, 
to  say  whether,  when  observed,  the  waves  are  fully  grown, 
and  correspond  to  the  observed  force  of  wind,  or  whether 
they  are  in  process  of  growth  or  of  degradation.  A  series  of 
observations  might  settle  this  matter,  if  made  in  a  careful 
and  intelligent  manner;  the  growth  or  degradation  being 


•  By  "  potential  energy  "  of  a  rise  on  page  150. 

wave  is  meant  the  work  done  in  f  See  remarks  od   M.  Antoine*s 

raising  the  centre  of  gravity  of  its  memoir,  page  172.    In  his  table  the 

mass  a  certain  distance  above  the  formulsB  give  far  better  approxima* 

position  which  it  would  oocnpy  in  tions  to  heights  than   to  lengths 

still  water.    See  remarks  as  to  this  observed. 
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indicated  by  the  alterations  in  heights  of  waves  noted  after 
certain  intervals  from  the  first  observation. 

Perhaps  the  most  favourable  time  for  observations  to  be 
begun  would  be  that  when  on  a  nearly  calm  sea  a  storm 
breaks,  forming  waves  of  which  the  dimensions  gradually 
increase ;  but  the  opportunities  are  not  likely  to  be  nume- 
rous where  the  waves  so  formed  constitute  an  indepen- 
dent regular  series.  Usually  the  observer  would  probably 
find  himself  in  face  of  a  very  confused  sea,  when  the  wave 
genesis  is  in  its  earlier  stages;  but  if  he  could  note  the 
times  occupied  by  waves  in  attaining  their  full  growth 
under  the  action  of  winds  of  various  speeds,  he  would  do 
good  service.  Any  pre-existing  swell  must  be  allowed  for 
in  making  these  observations;  otherwise  the  assumption 
that  the  waves  are  formed  from  smooth  water  would  be 
departed  from. 

In  concluding  these  remarks  on  wave  genesis,  we  cannot  do 
better  than  quote  from  M.  Bertin's  essay  : — "  The  study  of  the 
**  time  necessary  for  each  swell  to  retain  its  fixed  and  perma- 
"  nent  condition  under  the  action  of  the  wind  which  produces 
"  it  is  very  interesting.  If  the  time  be  so  long  as  in  general 
"  to  exceed  that  during  which  the  wind  can  remain  pretty 
"  nearly  constant,  both  in  intensity  and  direction,  all  interest 
**  in  the  connection  between  the  wind  and  the  swell  would 
**  disappecu:.  The  length  of  waves  and  their  inclination  for 
^*  a  given  length  would  be  just  as  irregular  as  meteorologi- 
"  cal  variations.  If,  on  the  contrary,  the  waves  soon  reach 
**  their  regular  condition — a  fact  which  seems  to  be  pretty 
''  well  established,  inasmuch  as  those  seas  which  are  exposed 
**  to  the  action  of  constant  winds  present  no  extraordinary 
**  agitation — one  is  necessarily  driven  to  adopt  the  law  that 
"  for  each  length  of  waves  there  is  a  certain  height  that  is 
**  most  commonly  met  with,  and  that  cannot  be  exceeded." 

The  foregoing  remarks  on  the  persistence  of  wave  periods 
and  lengths  after  the  force  of  wind  and  the  original  wave 
heights  have  decreased  may  account  for  a  singular  feature 
in  the  observations  of  M.  Paris,  who  recorded  the  speeds  of 
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winds  accompanying  speeds  of  waves,  viz.  that  in  many 
instances  the  speed  of  the  waves  exceeded  that  of  the  wind. 
Take,  for  example,  the  following  records  : — 


Mean 

Mean  Speeds.* 

Locality. 

Heights 

of  Waves 

Wind. 

Wave. 

Metres. 

Atlantic  (region  of  trade  winds) 

1-9 

4-8 

11-2 

South  Atlantic 

4-3 

13-5 

14 

Indian  Ocean  (South  of)      ... 

5-3 

17-4 

15 

Indian  Ocean  (region  of  trade  winds) 

2-8 

6-5 

12-6 

Seas  of  China  and  Japan 

3-2 

14-6 

11-4 

West  Pacific 

3-1 

8-5 

12-4 

*  In  metres  per  second  ;  a  metre  is  3*281  feet. 

In  the  present  state  of  our  knowledge,  we  are  not  able  to 
say  that  there  is  anything  impossible  in  the  observation  of 
waves  moving  faster  than  the  winds,  which  have  a  force  cor- 
responding to  their  full  growth,  although  this  condition  would 
scarcely  be  anticipated.  Remembering  what  was  said  above 
as  to  the  difference  between  the  rates  of  the  actual  orbital 
motions  of  particles  in  their  circular  orbits  and  the  apparent 
speed  of  advance  of  the  wave  form,  it  will  be  clear  that,  even 
when  the  wave  form  advances  faster  than  the  wind  travels, 
the  wind  may  be  moving  much  faster  than  the  particles  in 
the  wave.  Take,  for  example,  the  waves  of  the  Southern 
Indian  Ocean.  M.  Paris  gives  them  a  mean  height  of  5'3 
metres,  and  a  mean  period  of  7*6  seconds. 

Diameter  of  orbits  of  surface  particles  .      .  =  5*3  metres. 
Circumference  of  orbits  of  surface  particles  =  16*6  metres. 

Orbital  velocity  of  particles    =  -=;7^  =  2  J  metres  per  second. 

Velocity  of  wind  observed    =  17*4  metres  per  second. 

Whether  the  relative  velocity  of  the  wind  and  the  wave 
form  should  be  taken  as  the  measure  of  the  full  effect 
of  the  wind,  or  whether  the  relative  velocity  of  the  wind 
and  the  particles  of  water  in  the  wave  does  not  also  exercise 
considerable  influence,  must  for  the  present  be  considered  at 
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leuBt  a  matter  open  to  debate.  lu  the  mamtenance  of  the 
wave  speed  as  the  wuid  speed  shickeiiB,  we  have  a  jtossible 
exphiuatioD  of*  the  apjiarent  auomaly  in  the  abore  table: 
and,  further,  it  is  difficult  lor  an  obser\'er  on  board  a  ship 
in  motion  to  measure  the  speed  of  the  wind  accurately.  But 
actual  observations,  such  as  have  been  recommended  in  this 
chapter,  will  settle  this  and  many  other  doubtful  jioints. 

KejKiat/id  references  have  Ijeen  made  to  the  difficulties 
attending  the  oljservation  of  wave  dimensions  in  a  confutei 
heaway ;  and  it  apjiears  desirable  to  illustrate  the  causes 
and  charact<.^r  of  the  difiiculty.  A  confused  sea  is  caused 
by  the  Huj>erjjoKJtion  of  two  or  more  independent  series  of 
waves,  eaclj  moving  at  its  own  sjieed,  and  all  moving,  possibly, 
in  different  directions.  We  will  take  the  very  simplest  case 
of  two  MfriffS  of  unequal  lengths  and  speeds,  moring  in  the 
same  direction.  Fig.  CO  shows  a  wave  400  feet  long  and 
20  feet  high,  having  a  sjx^  of  about  45  feet  per  second ; 
Fig.  66,  a  wave  200  feet  long  and  12  feet  high,  having  a 
s[KM?<l  of  abciut  'VI  feet  jK-r  second.  Fig.  67  shows  the  latter 
suj>eriK>siMl  \\\Hm  the  former,  at  the  instant  when  the  two 
crests  coincide,  and  the  combined  wave  has  a  maximum 
height  of  some  *M>  feet*  The  long  wave  form  gains  about 
13  feet  [ler  second  on  the  shorter  wave.  In  2^  seconds,  the 
proiihi  of  the  c<inibined  wave  will  have  changed  from  the 
condition  of  Fig.  67  to  that  of  Fig.  68;  in  less  than 
4  aecsouds  the  further  change  shown  in  Fig.  69  will  have 
occurred ;  and  in  less  tlian  8  seconds  the  condition  shown 
in  Fig.  70  will  have  l)een  reached :  a  wave  hollow  appearing 
immediately  over  the  crest  of  the  400-foot  wave.  In  an 
actual  seaway,  the  difficulties  to  be  overcome  in  making 
obaervations  of  lengths  and  periods  of  waves,  formed  by  the 
Buperposition  of  several  distinct  series,  are  far  greater  than 


*  The  molhod  of  fluperposition  dr^es  not  accurately  represent  the 
will  be  unrlfratood  from  the  diap-  internal  structure  or  onward  move- 
grams  ;  the  larger  wave  bein^  shown  ment  of  form  in  a  confused  sea,  but 
by  a  dotted  line,  and  carrying;  the  will  suffice  for  our  present  purpose, 
•mailer  one  above  it.    'Iliis  method 
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in  this  simple  illustration.  The  rapid  and  unceasing 
changes  in  the  apparent  forms,  &c.  of  waves  in  a  confused  sea 
furnish  an  ample  explanation  of  the  differences  sometimes 
noted  in  the  simultaneous  observations  of  waves  by  ships 

FIG  65. 


FIG  66. 


FIG  68. 
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FIG  60.  f-^ 


FIG  70.  f- 
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sailing  in  company.  In  one  instance,  for  example,  one  ship 
in  a  squadron  reported  the  waves  to  be  450  feet  long,  whereas 
a  second  ship  put  the  length  at  150  feet ;  and  at  the  first 
glance  such  a  contrast  seems  absurd.    But  when,  from  the 
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diagrams  (Figs.  67  and  70),  it  is  seen  that  in  some  8  seconds 
the  apparent  length  between  the  highest  crests  of  a  combined 
wave  may  pass  from  400  feet  to  200  feet,  and  the  maximum 
height  from  30  feet  to  about  24  feet,  one  ceases  to  wonder 
at  the  seeming  contradictions  contained  in  records  which 
may  each  have  been  substantially  accurate. 

During  the  last  few  years  several  attempts  have  been 
made  to  obtain  motive  power  for  propulsion  or  other  purposes 
from  the  motions  impressed  upon  a  ship  by  the  wave  motion. 
Mr.  Spencer  Deverell,  of  Victoria,  was  the  first  to  draw 
attention  to  the  subject ;  and  his  brother  conducted  a  series 
of  observations  in  1873  during  a  voyage  from  Melbourne 
to  London,  for  the  purpose  of  proving  that  during  an  ocean 
voyage  a  ship  will  be  continually  oscillating — rolling,  pitch- 
ing, and  heaving — even  when  there  is  a  dead  calm.  Limits 
of  space  prevent  any  extracts  being  given  from  the  interest- 
ing records  of  these  observations,  which  will  \^ell  repay 
perusal ;  nor  can  any  account  be  given  of  the  apparatus 
proposed  for  the  purpose  of  obtaining  motive  power  from 
the  wave  motion.*  The  principle  of  all  the  proposals  may 
be  simply  ex})lained.  In  a  seaway  the  heaving  and  other 
motions  impressed  upon  a  ship  cause  variations  in  her 
virtual  weight  (as  explained  at  page  155).  If  a  weight 
inboard  is  suspended  by  a  spring-balance,  the  latter  will 
indicate  less  than  the  true  weight  on  the  wave  crest,  and 
more  than  the  true  weight  in  the  wave  hollow.  The  eocten-- 
sums  of  the  spring  will  vary  according  to  the  virtual  weight, 
being  greatest  at  the  wave  hollow,  and  least  at  the  crest.  By 
some  appropriate  mechanism  these  varying  extensions  of  the 
spring  are  made  to  produce  rotary  or  other  motions.  Nu- 
merous experiments  have  been  made  with  models,  but  hitherto, 
we  believe,  no  practical  use  has  been  made  of  the  principle. 


•  See  papers  on  "Ocean   Wave  Transactions  of  the  Institution  of 

Power  and  its  Utilisation,"  in  the  Naval  Architects  for  1874,  by  Mr. 

Tranmctums  of  the  Koyal  Society  Spencer  Deverell ;  also  a  paper  by 

of  Victoria  for  1873;    and   "The  Mr.  Tower  in  the  Transactions  of 

Continnons  Oscillation  of  a  Ship  the  Institution  of  Naval  Architects 

dnring  an  Ocean  Voyage,"  in  the  for  1875. 
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CHAPTER  VI. 

THE  OSCILLATIONS  OP  SHIPS  AMONG   WAVES. 

In  the  two  preceding  chapters  we  have  discussed  the  con- 
dition of  a  ship  oscillating  in  still  water,  and  the  phenomena 
of  wave  motion  in  the  deep  sea,  subjects  which  have  an  inter- 
est in  themselves,  but  "derive  their  greatest  importance  from 
their  connection  with  the  subject  now  claiming  attention. 
The  motions  of  a  ship  in  a  seaway  are  influenced  by  her 
stability,  her  inertia,  by  the  variations  in  direction  and 
magnitude  of  the  fluid  pressure  incidental  to  wave  motion 
and  by  the  fluid  resistance;  so  that,  without  clear  and 
correct  conceptions  of  each  of  these  features  in  the  problem, 
it  would  be  impossible  to  deal  with  their  combined  effect. 

All  oscillations  .of  a  ship  in  a  seaway,  like  those  in  still 
water,  may  be  considered  as  resolvable  into  two  principal 
sets :  the  first,  the  transverse  oscillations  of  rolling ;  the 
second,  the  longitudinal  oscillations  of  pitching  and  'scending. 
It  is  therefore  only  necessary  to  consider  these  two  directions ; 
and  of  them,  the  transverse,  having;  by  far  the  most  important 
bearing  upon  the  safety  and  good  behaviour  of  ships,  will 
rec.'eive  the  greatest  attention.  Pitching  and  'scending  may 
become  violent  and  objectionable  in  some  ships,  but  this 
is  not  commonly  the  case,  nor  is  it  so  difficult  of  correction 
as  heavy  rolling.  Only  a  brief  discussion  of  these  longitu- 
dinal oscillations  will  therefore  be  necessary ;  and  it  will 
follow  the  remarks  on  rolling. 

Very  various  causes  have  been  assigned  for  the  rolling 
motion  of  a  ship  at  sea.     Some  of  the  earlier  writers,  im- 
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pressed  by  the  great  speed  of  advance  of  waves,  attributed 
rolling  to  the  shocks  of  waves  against  the  sides  of  ships. 
Others  considered  motion  as  originated  by  the  slope  of  the 
wave  surface ;  observing  that,  if  a  ship  remained  upright  on 
the  wave  slope,  her  displacement  would  change  its  form  from 
that  in  still  water,  the  centre  of  buoyancy  moving  out  from 
below  the  centre  of  gravity  towards  the  wave  crest,  and  the 
moment  of  stability  thus  produced  tending  to  make  the 
vessel  heel  away  from  the  wave  crest.    But  there  were 
obvious  objections  to  both  these  theories ;  it  is  a  matter  of 
common  experience  that  vessels  often  roll  very  heavily  in  a 
long  smooth  swell,  where  the  slope  is  so  small  that  the 
departure  from  the  horizontal  is  scarcely  perceptible,  and 
where  no  sensible  shock  is  delivered  against  the  sides  of  the 
ships.    The  best  of  the  earlier  theories,  put  forward  by 
Daniel  Bernoulli,  about  a  century  ago,  departed  from  the 
preceding  theories,  and  was  content  to  speak  of  the  oscilla- 
tions of  a  ship  as  comparable  to  those  of  a  pendulum, 
subjected  to  the  action  of  "  impulses "  from  the  waves,  no 
analysis  being  attempted  of  the  character  or  causes  of  these 
impulses.     Some  of  the  conclusions  which  Bernoulli  reached 
even  now  command  respect ;  but  he,  in  common  with  his 
contemporaries,  failed  to  realise  or  to  iexpress  the  funda- 
mental condition   wherein  wave   water    differs  from  still 
water,  viz.  that  the  direction   and  intensity  of  the  fluid 
pressure  are  continually  varying  instead  of  being  constant, 
as  in  still  water.    For  nearly  a  century  the  subject  remained 
very  nearly  in  the  condition  in  which  Bernoulli,  Euler,  and 
other  writers  of  that  period,  had  left  it ;  and  it  was  reserved 
for  an  Englishman,  Mr.  W.  Froude,  to  have  the  honour  of 
introducing  thfe  modem  theory  of  rolling.   This  theory  rests 
upon  the  fundamental  doctrine,  explained  in  the  previous 
chapter,  that  in  wave  water  the  direction  of  the  pressure  at 
any  point  is  a  normal  to  the  trochoidal  surface  of  equal 
pressure  passing  through  that  point ;  and  in  that  particular 
the  modem  theory  differs  from  all  that  preceded  it.     It  is 
not  put  forward  as  a  perfect  theory,  fully  expressing  all  the 
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conditions  of  the  problem;  but  it  far  more  completely 
represents  those  conditions  than  any  theory  which  preceded 
it,  and  has  exercised  a  great  and  beneficial  efifect  upon  ship 
designs  during  the  fifteen  years  it  has  been  before  the 
world.  Moreover,  in  its  main  features,  it  has  secured  the 
adhesion  of  the  greatest  authorities  on  the  science  of  naval 
architecture,  both  English  and  foreign,  some  of  whom  have 
very  considerably  helped  its  extension.  An  attempt  to 
describe  in  popular  language  the  main  features  of  the 
theory  cannot,  therefore^  be  devoid  of  interest,  even  though 
the  avoidance  of  mathematical  language  may  render  the 
description  which  follows  incomplete. 

At  the  outset  it  may  be  well  to  state  that  the  modem 
theory  of  rolling  finds  the  governing  conditions  of  the 
behaviour  of  a  ship  among  waves  to  be  twofold : — 

(1)  The  ratio  which  the  period  of  the  still-water  oscilla- 
tions of  the  ship  (or  "  natural  period  ")  bears  to  the  period 
of  the  waves  amongst  which  she  is  rolling. 

(2)  The  magnitude  of  the  effect  of  fluid  resistance. 
Both  the  natural  period  and  the  means  of  estimating  the 

magnitude  of  the  fluid  resistance  for  any  ship  may  be  obtained 
from  experiments  made  in  still  water,  as  previously  explained. 

It  will  be  convenient  to  deal  separately  with  these  con- 
ditions, first  illustrating  the  causes  which  make  the  ratio  of 
the  periods  so  important,  and  in  doing  so  leaving  resistance 
out  of  account ;  afterwards  illustrating  the  effect  of  resist- 
ance in  limiting  the  range  of  oscillation.  In  practice  the 
two  conditions,  of  course,  act  concurrently ;  but  the  hypo- 
thetical separation  here  made  will  probably  enable  each  to 
be  better  understood. 

Reverting  to  the  case  illustrated  by  Fig.  61,  page  151, 
where  a  small  raft  floats  upon  the  inclined  surface  (AB)  of 
the  water  in  a  vessel  which  is  moving  horizontally,  it  will  be 
noticed  that  the  raft  is  acted  upon  by  the  following  fluid 
pressures : — P,  acting  downwards  on  the  upper  side,  an  equal 
pressure,  P,  acting  upwards  on  the  lower  side,  and  the  buoy- 
ancy h  acting  normally  to  the  surface  AB  through  the  centre 
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of  buoyancy  of  the  raft.  If  ti?  be  the  weight  of  the  raft  (acting 
vertically  downwards  through  the  centre  of  gravity)  when  the 
vessel  containing  the  water  is  in  motion,  this  weight  w  must 
be  combined  with  the  horizontal  accelerating  force  due  to  the 
motion,  in  the  manner  explained  in  the  previous  chapter 
when  dealing  with  the  slope  at  which  the  water  surface  will 
stand*    Using  the  same  notation  as  before,  we  have — 

Besultant  of  weight  and  horizontal  ) 

I      ,.       rT  J=ti;seca, 

accelerating  force      .      .     .     .  ( 

This  resultant  will  act  perpendicularly  to  the  inclined  water 
surface,  just  as  the  buo)'ancy  h  does ;  and  for  equilibrium 
we  must  have— 

6  =  ti;  sec  a, 

and  the  line  of  action  of  h  must  pass  through  the  centre  of 
gravity  of  the  raft.  Hence  it  follows  that  the  normal  to  the 
free  water  surface  indicates  the  direction  towards  which  the 
raft  will  tend  to  return  if  her  mast  is  inclined  from  it ;  just 
as  in  still  water  the  upright  is  her  position  of  equilibrium. 
The  normal  to  the  water  surface  may  therefore  be  termed  the 
"  virtual  upright "  for  the  raft  when  it  and  the  water  are 
subjected  to  horizontal  acceleration ;  since  the  normal  fixes 
the  position  of  equilibrium. 

Next  suppose  this  very  small  raft  to  float  on  the  surface 
of  a  wave,  as  in  Fig.  62,  page  153.  Here  reasoning  similar  to 
the  foregoing  applies  if  the  raft  be  considered  so  small  in 
relation  to  the  wave  that  it  may  be  treated  as  if  it  replaced 
a  particle,  and  moved  just  as  the  particle  would  have  done. 
In  the  preceding  chapter  it  has  been  shown  that  at  any 
point  in  a  trochoidal  wave  the  normal  represents  the  direction 
of  fluid  pressure  at  that  point,  and  it  has  also  been  stated 
that  this  direction  changes  from  point  to  point  along  the 
wave  surface,  the  variations  in  inclination  resembling  the 

•  See  I  age  152. 
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oscillation  of  a  pendulum  having  a  period  for  a  single  swing 
equal  to  half  the  wave  period.  The  cases  of  Figs.  61  and  62, 
therefore,  differ  in  this:  in  the  former,  where  the  water  surface 
has  a  constant  inclination,  the  ^^  virtual  upright "  also  has  a 
constant  direction ;  whereas  on  the  wave  the  "  virtual  up- 
right," or  position  of  equilibrium,  in  which  the  masts  of  the 
raft  will  lie,  varies  in  direction  from  instant  to  instant,  the 
variations  being  dependent  upon  the  wave  slope  and  wave 
period.  On  the  wave  the  raft  is  also  subjected  to  vertical 
as  well  as  horizontal  accelerations,  affecting  both  the  value 
of  the  fluid  pressure  upon  its  bottom  and  its  own  apparent 
weight,  but  affecting  both  equally,  and  therefore  not 
changing  the  displacement  of  the  raft  from  that  in  still 
water.  The  law  of  this  variation  in  the  pressure  and 
apparent  weight  has  been  given  in  the  preceding  chapter, 
and  illustrated  by  Fig.  60,  page  151 ;  but  for  our  present 
purpose  the  variation  in  the  direction  of  the  pressure  is  of 
greater  importance. 

A  ship  differs  from  this  hypothetical  raft,  having  lateral 
and  vertical  extension  in  the  wave,  as  shown  by  ABC  in 
Fig.  62.  Even  though  she  may  be  small  when  compared 
with  the  wave,  it  is  obvious  that  she  cannot  be  treated 
as  a  single  particle  replacing  a  particle  in  the  wave.  At 
any  moment  she  displaces  a  number  of  particles  which,  were 
she  absent,  would  be  moving  in  orbits  of  different  radii,  and 
at  different  speeds.  Her  presence  must  therefore  introduce 
a  disturbance  of  the  internal  motions  in  the  wave,  and  this 
disturbance  must  in  some  manner  react  upon  the  ship  and 
somewhat  influence  her  behaviour.  At  present  our  know- 
ledge of  the  conditions  governing  the  internal  molecular 
forces  in  the  waves  of  the  sea  is  not  sufiicient  to  enable  exact 
mathematical  treatment  to  be  applied  in  estimating  the 
effect  of  this  disturbance,  and  determining  at  each  instant 
the  position  of  the  "  virtual  upright "  for  the  ship.  If  the 
positions  of  the  virtual  upright  were  known,  each  of  them 
would  be  a  normal  to  a  surface  termed  the  "  effective  wave 
slope."    Conversely,  the  effective  wave  slope  may  be  defined 
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as  the  surface  of  which  the  profile  has  a  length  equal  to 
that  of  the  wave,  and  the  normal  to  which  at  any  point 
represents  the  instantaneous  position  of  equilibrium  for  the 
masts  of  the  ship. 

It  has  sometimes  been  assumed  that  the  effective  slope 
will  nearly  coincide  with  the  trochoidal  subsurface  passing 
through  the  centre  of  buoyancy  of  the  ship.  In  Fig.  62,  let 
B  represent  the  centre  of  buoyancy  of  the  ship  shown  in 
section  by  ACD ;  then  TTi,  the  subsurface  of  equal 
pressure  passing  through  B,  would  be  termed  the  effective 
wave  slope,  and  the  normal  to  it,  NNx,  drawn  through  B, 
would  be  taken  as  determining  the  instantaneous  position 
of  equilibrium  for  the  ship.  lu  the  diagram  the  ship  is 
shown  purposely  with  her  middle  line  (jGrM)  not  coincident 
with  the  normal  NBNi;  M  is  the  point  of  intersection 
of  these  lines,  and  the  angle  BMG  measures  the  inclination 
of  the  ship  from  the  position  of  equilibrium.  Through 
the  centre  of  gravity  G,  GZ  is  drawn  perpendicularly  to 
NNx ;  then  instantaneously  the  effort  of  stability,  or  right- 
ing moment,  with  which  the  ship  tends  to  move  towards  the 
position  NNi,  is  measured  by  the  expression — 

Righting  moment  =  apparent  weight  x  GZ. 

In  estimating  the  apparent  weight  of  the  ship,  which  is 
practically  equal  to,  and  has  a  line  of  action  parallel  to, 
the  fluid  pressure  acting  along  NNi ,  it  is  of  course  necessary 
to  take  account  of  the  radii  of  the  particles  situated  in 
the  subsurface  TTj.  Very  often  the  actual  weight  may 
be  substituted  for  the  apparent  weight  without  any  great 
error ;  but  this  is  a  matter  easily  investigated,  in  accordance 
with  the  principles  previously  explained. 

This  method  of  approximating  to  the  effective  slope, 
although  widely  adopted,  is  not  universally  accepted,  nor 
does  it  profess  to  be  more  than  an  average  or  approximation. 
The  form  of  the  immersed  part  of  the  ship,  her  lateral 
extension  along  the  wave,  and  other  circumstances  are 
known  to  affect  the  position  of  the  effective  slope,  making 
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it  in  some  cases  lie  much  nearer  the  upper  surface  than  TTi 
would  be  situated.  In  most  cases,  however,  the  effective 
slope  is  less  steep  than  the  upper  surface ;  a  fact  which  is 
confirmed  by  the  careful  and  extensive  observations  made 
by  Mr.  Froude  on  board  the  DevastcUion.  In  practice, 
therefore,  it  is  an  error  on  the  side  of  safety  to  assume,  as  is 
not  unfrequently  done,  that  the  variations  in  inclination  and 
magnitude  of  the  fluid  pressure  and  the  apparent  weight  of 
the  ship  may  be  determined  from  the  upper  surface  of  the 
wave.  This  was  the  plan  adopted  by  Mr.  Froude  in  his 
earliest  investigations,  as  well  as  that  followed  by  the 
Admiralty  Committee  on  Designs  for  Ships  of  War  in  their 
estimate  of  the  probable  limits  of  rolling  of  the  Devdstation 
class.  It  will  be  seen  that  this  substitution  of  the  upper 
surface  for  the  less  steep  effective  surface  in  no  way  affects 
the  period  occupied  by  the  wave  normal  in  performing  the 
set  of  motions  from  upright  at  the  hollow  onward  to  upright 
at  the  crest  of  a  wave,  since  all  subsurface  trochoids  in  a  wave 
have  the  same  period  as  the  upper  surface.  The  difference 
is  solely  one  of  the  maximum  inclination  to  the  vertical 
reached  by  the  wave  normal,  and  taking  the  upper  surfGU^e 
somewhat  increases  this  beyond  the  true  maximum. 

Suppose  a  ship  lying  broadside-on  to  the  waves  to  be  up- 
right and  at  rest  when  the  first  wave  hollow  reaches  her ;  at 
that  instant  the  normal  to  the  surface  coincides  with  the 
vertical,  and  there  is  no  tendency  to  disturb  the  ship.  But 
a  moment  later,  as  the  wave  form  passes  on  and  brings  the 
slope  under  the  ship,  the  virtual  upright  towards  which  she 
tends  to  move  becomes  inclined  to  the  vertical.  This  incli- 
nation at  once  develops  a  righting  moment  tending  to  bring 
the  masts  of  the  ship  into  coincidence  with  the  instantaneous 
position  of  the  normal  to  the  wave.  Hence  rolling  motion 
begins,  and  the  ship  moves  initially  at  a  rate  dependent 
upon  her  still-water  period  of  oscillation.  Simultaneously 
with  her  motion,  the  wave  normal  is  shifting  its  direc- 
tion at  every  instant,  becoming  more  and  more  inclined 
to  the  vertical,  until  near  the  mid-height  of  the  wave  it 
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reaches  its  maximum  inclination,  after  which  it  gradually 
returns  towards  the  upright;  the  rate  of  this  motion  is 
dependent  upon  the  period  of  the  wave.  Whether  the 
vessel  will  move  quickly  enough  to  overtake  the  normal 
or  not  depends  upon  the  ratio  of  her  still-water  period 
to  the  interval  occupied  by  the  normal  in  reaching  its 
maximum  inclination  and  returning  to  the  upright  again, 
which  it  accomplishes  at  the  wave  crest;  this  interval 
equals  one-half  the  period  of  the  wave.  Hence  it  appears 
that  the  ratio  of  the  period  of  the  ship  (for  a  single  roll) 
to  the  half-period  of  the  wave  must  influence  her  rolling 
very  considerably,  even  during  the  passage  of  a  single 
wave,  and  still  more  is  this  true  when  a  long  series  of 
waves  move  past  the  ship,  as  will  be  shown  hereafter.*  It 
will  also  be  obvious  that  the  real  cause  of  the  rolling  of  ships 
amongst  waves  is  to  be  found  in  the  constant  changes  in  the 
direction  of  the  fluid  pressure  accompanying  wave  motion. 

As  simple  illustrations  of  the  foregoing  remarks,  two 
extreme  cases  may  be  taken.  The  first  is  that  of  a  little 
raft,  like  that  in  Fig.  62,  having  a  natural  period  indefi- 
nitely small  as  compared  with  the  half-period  of  the  wave. 
Her  motions  will  consequently  be  so  quick  as  compared  with 
those  of  the  wave  normal  that  she  will  be  able  continuously 
to  keep  her  mast  almost  coincident  with  the  normal  and 
her  deck  parallel  to  the  wave  slope.  Being  upright  at  the 
wave  hollow,  she  will  have  attained  one  extreme  of  roll 
about  the  mid-height  of  the  wave,  and  be  again  upright  at 
the  crest;  the  period  of  this  single  roll  will  be  half  the 
wave  period.  And  as  successive  waves  in  the  series  pass 
under  the   raft,   she   will  acquire   no   greater  motion,   but 


■> 


*  It  has  already  been  explained  oscillation   to   a  double    roll,    and 

that     we    follow    the     Admiralty  the  term  ix?riod  to  the  time  occupied 

method   in   terming  a   single   roll  in  }>erformin<j  the  double  roll.     We 

"an     oscillation,"    and    the    time  again  refer  to  the  matter,  as  in  many 

occupied  in    its    performance    the  published  papers  the  mathematical 

**  period    of    oscilhition."      Mathe-  terms  are  employed. 
maticians  commonly  apply  the  term 
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continue  oscillating  tKrough  a  fixed  arc  and  with  unaltered 
period.  The  arc  of  oscillation  will  be  double  the  maximum 
angle  of  wave  slope. 

No  ship  actually  fulfils  these  conditions,  but  some  classes 
of  broad  flat  vessels  having  very  quick  periods  approach 
them  closely,  and,  when  among  long  waves,  acquire  a  fixed 
range  of  oscillation,  keeping  their  decks  approximately 
parallel  to  the  wave  slope,  and  therefore  shipping  but  little 
•water.  As  examples,  the  deep-sea  fishing-boats  used  off  the 
Dutch  coast  at  Scheveningen  may  be  named ;  and  amongst 
.war-ships,  the  American  monitor  type.  It  is  reported  of  the 
Miantonomoh,  which  crossed  the  Atlantic  about  ten  years 
ago,  with  a  height  of  upper  deck  above  water  of  only 
3  feet,  that  she  rolled  but  moderately  in  he^vy  weather, 
and  shipped  very  little  water  on  her  low  deck,  even  when 
broadside-on  to  large  waves,  the  water  which  did  come  on 
the  deck  on  the  weather  side  usually  passing  off  again  on 
the  same  side  as  that  it  broke  over.*  ^i'his  is  very  good 
evidence  that  the  motions  of  the  monitor  were  so  quick 
relatively  to  the  wave  motion  that  her  deck  was  kept  ap* 
proximately  parallel  to  the  surface ;  otherwise,  with  the  low 
freeboard,  much  greater  quantities  of  water  would  have 
been  shipped.  Before  this  experience  was  obtained,  theo- 
retical investigations  had  led  to  the  conclusion  that  vessels 
of  small  periods  would  probably  tend  to  fall  into  oscillations 
of  definite  range,  keeping  pace  with  the  wave  motion ;  so 
that  observation  has  here  confirmed  theory.  Obviously  such 
a  vessel  would  not  be  a  steady  gun  platform,  as  the  range 
of  her  oscillation  might  be  considerable,  being  governed 
by  the  wave  slope.  For  instance,  if  the  Miantonomoh 
were  placed  broadside-on  to  Atlantic  storm  waves  such  as 
Dr.  Scoresby  observed,  say,  (500  feet  long  and  30  feet 
high,  the  maximum  slope  of  the  wave  would  be  about  9 


♦  See  Captain  By  thesea's  evidence  quicker  periods  than  the  monitors, 

before  the  Committee  on  Designs  in  and  their  great  lateral  extension  on 

1871.   Parliamentary  Papers,  The  the  wave  further  tends  to  diminish 

RuBsian  circular  ships  have  even  their  oscillations. 
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degrees,  and  its  period  about  11  seconds.  Once  in 
every  5J  seconds  (the  half  wave  period),  therefore,  if  the 
ship  kept  pace  with  the  wave,  she  would  really  swing 
through  a  total  arc  of  18  degrees — 9  degrees  on  either  side 
of  the  vertical,  although  to  an  observer  on  board,  owing  to 
causes  explained  in  the  preceding  chapter,  she  might 
seem  to  continue  nearly  upright.  The  wave  period  is  about 
twice  the  natural  period  for  a  double  roll  of  the  monitor.* 
In  other  words,  while  the  wave  normal  or  virtual  upright  in- 
5^  seconds  completes  a  single  set  of  motions  between  the 
hollow  and  crest,  the  monitor  can  move  twice  as  quickly, 
and  may  therefore  keep  her  deck  nearly  parallel  to  the 
surface. 

The  second  simple  illustration  is  that  of  a  small  vessel,  of 
very  long  period  as  compared  with  the  wave  period.  Such 
a  vessel  would  secure  slow  motion  by  having  very  little 
initial  stability,  or  very  great  moment  of  inertia,  or  by  a 
combination  of  both  these  features.  It  is  not  impracticable 
to  actually  construct  a  vessel  having  a  very  long  period  as 
compared  with  even  very  long  waves ;  although  other  con- 
siderations, previously  mentioned,  limit  the  application  of 
this  power.  If  such  a  vessel  were  upright  and  at  rest  in  the 
wave  hollow,  she  would  be  subjected  to  rolling  tendencies 
similar  to  those  of  the  raft,  owing  to  the  successive  inclina- 
tions of  the  wave  normal — her  instantaneous  virtual  upright. 
But  her  long  period  would  make  her  motion  so  slow  as  com- 
pared with  that  of  the  wave  normal  that,  instead  of  keeping 
pace  with  the  latter,  the  ship  would  be  left  far  behind.  In 
fact,  the  half  wave  period  during  which  the  normal  completes 
an  oscillation  would  be  so  short  relatively  to  the  period  of  the 
ship  that,  before  she  could  have  moved  far,  the  wave  normal 
would  have  passed  through  the  maximum  inclination  it 
attains  near  the  mid-height  of  the  wave,  and  rather  more 
than  halfway  between  hollow  and  crest.     From  that  point 


See  the  tabic  of  periods  on  page  114. 
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onwards  to  the  crest  it  would  be  moving  back  towards  the 
upright ;  and  the  effort  of  the  ship  to  move  towards  it,  and 
further  away  from  the  upright,  would  in  consequence  be  di- 
minished continuously.  At  the  crest  the  normal  is  upright, 
and  the  vessel  but  little  inclined — inclined,  it  will  be  observed, 
in  such  a  sense  that  the  variations  in  direction  of  the  normal, 
on  the  second  or  back  slope  of  the  wave,  will  tend  to  restore 
her  to  the  upright.  Hence  it  follows  that  the  passage  of  a 
wave  under  such  a  ship  disturbs  her  but  little,  her  deck 
remains  nearly  horizontal,  and  she  is  a  much  steadier  gun 
platform  than  the  monitor  or  raft-like  vessel. 

Observation  and  experience  with  actual  ships  confirm  the 
general  correctness  of  these  conclusions,  although  no  ship  has 
the  indefinitely  long  period  attributed  to  the  hypothetical 
vessel.  Her  Majesty's  ship  Inconstant  has  an  exceptionally 
long  period,  occupying  about  8  seconds  for  a  single  roll, 
a  period  about  twice  as  long  as  the  half-period  of  waves 
commonly  met  in  an  Atlantic  storm,  with  lengths  of  250  or 
800  feet.  This  vessel  has  also  an  exceptional  reputation  for 
steadiness ;  it  will  suffice  to  quote  one  report  only  made 
upon  her  behaviour.  After  witnessing  her  performances 
with  the  Channel  Squadron  in  1869,*  Mr.  Bamaby  (now 
Director  of  Naval  Construction)  said,  "  The  Atlantic  waves, 
"  as  they  rolled  across  her  beam,  lifted  her  up  vertically, 
"  and  she  remained  steadily  upright,  when  some  of  the  other 
"  ships  in  the  squadron  were  showing  the  whole  of  their  decks 
"  to  the  ships  in  the  other  line."  Nor  is  this  jieculiar  to  the 
Inconstant;  other  ships  of  recent  design,  including  many 
ironclads  having  long  natural  periods,  have  acquired  similar 
reputations  for  steadiness.  For  example,  in  a  published 
report  on  the  trials  of  the  squadron  of  1871,  it  was  said 
of  the  Monarch,  "  The  seas  appeared  to  roll  underneath 
"  her  bottom,  lifting  her  and  lowering  her  again,  with  the 
"  rise  and  fall  of  the  water,  in  continuous  vertical  motion." 


*  ^ee  Rei^rt  of  Committee  on  Desi<5ii8. 
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Many  other  cases  in  point  might  be  cited^  but  this  is 
unnecessary. 

Between  the  extreme  cases  of  exceptionally  quick-moviBg 
ships  and  ships  of  very  long  periods  lie  the  common  cases 
where  the  natural  periods  of  the  ships  approximate  more 
or  less  closely  to  equality  with  the  half-periods  of  the  storm 
waves  ordinarily  encountered.  Theory,  taking  account  of 
all  cases,  does  not  define  the  ratio  of  the  periods  in  tKe 
general  investigation,  but  expresses  the  solution  in  a  form 
admitting  of  the  application  of  any  chosen  ratio  to  the  final 
result.  Following  a  similar  course,  and  having  cleared  the 
way  by  the  foregoing  illustrations,  we  shall  now  give  a 
general  sketch  of  the  method  introduced  by  Mr.  Froude, 

The  following  assumptions  are  made  in  order  to  bring  the 
problem  of  the  motion  of  a  ship  in  a  seaway  within  the 
scope  of  mathematical  treatment : — 

(1)  The  ship  is  regarded  as  lying  broadside-on  to  the 
waves,  and  without  any  motion  of  progression  in  the  direction 
of  the  wave  advance :  in  other  words,  she  is  supposed  to  be 
rolling  passively  in  the  trough  of  the  sea. 

(2)  The  waves  to  which  she  is  exposed  are  supposed  to 
form  a  regular  independent  series,  successive  waves  having 
the  same  dimensions  and  periods. 

(3)  The  waves  are  supposed  to  be  large  as  compared 
with  the  ship,  and  she  is  assumed  to  accompany  their 
motion ;  so  that  at  any  instant  she  would  rest  in  equilibrium 
with  her  masts  coincident  with  the  corresponding  normal  to 
the  "  effective  slope,*'  which  is  commonly  assumed  to  coincide 
with  the  ujiper  surface  of  the  wave. 

(4)  The  variations  of  the  apparent  weight  are  supposed  to 
bo  so  small,  when  compared  with  the  actual  weight,  that 
they  may  be  safely  neglected,  except  in  very  special  cases. 

(5)  The  effects  of  fluid  resistance  are  considered  separately, 
and  in  the  mathematical  investigation  the  motion  is  sup- 
posed to  be  unresisted. 

It  will  at  once  be  remarked  that  ships  commonly  encounter 
a  confused  sea,  imd  not  a  single  rejrular  series  of  waves;  but 
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the  varying  conditions  of  such  a  sea,  formed  by  the 
superposition  of  independent  series  as  explained  in  the 
preceding  chapter,  cannot  well  be  brought  within  the 
scope  of  exact  calculation.  Moreover,  it  appears  from 
extensive  observations  of  the  behaviour  of  ships  that  the 
irregularities  of  a  confused  sea  frequently  tend  to  check 
the  accumulation  of  rolling  motion;  the  heaviest  rolling 
being  produced  by  a  regular  series  of  waves.  Exceptions 
to  this  rule  probably  occur,  but  as  the  ship  is  placed  in 
the  worst  position — passively  rolling  in  the  trough  of  the 
se^— it  may  be  fairly  assumed  that  suppositions  (1)  and 
(2)  may  be  admitted.  To  the  next  it  may  be  objected  with 
justice  that  ships  are  not  always  very  small,  as  compared 
with  the  waves  amongst  which  they  roll ;  on  the  other  hnnd, 
it  is  well  knovm  that  the  heaviest  rolling  is  produced  by  the 
largest  waves,  while  the  supposition  of  relative  smallness  is 
favoured  by  the  smallest  dimension  of  the  ship — her  beam — 
being  presented  to  the  length  of  the  wave.  Variations  in  ap- 
parent weight  are  also  occasionally  of  considerable  import- 
ance ;  still,  in  tracing  the  general  character  of  the  motion  of  a 
ship,  no  great  error  arises  from  neglecting  them.  The  eflTects 
of  fluid  resistance  are  most  important,  as  will  be  seen  here- 
after, but  the  attempt  to  introduce  those  effects  into  the 
general  mathematical  equations  only  gives  them  a  form  that 
cannot  at  present  be  dealt  with ;  and  the  effect  of  resistance 
ran  be  allowed  for  separately.  Perhaps  at  some  future  time 
better  and  more  complete  assumptions  may  be  made  upon 
which  to  base  a  more  perfect  theory ;  but  those  stated  above 
are,  on  the  whole,  the  best  that  can  now  be  made.  They 
are  confessedly  open  to  some  objections;  but  they  have 
one  great  recommendation  in  their  favour,  viz.  that  the 
results  of  experience  and  observation  confirm  the  general 
accuracy  of  the  deductions  drawn  from  the  theory  based 
upon  them. 

The  necessity  for  avoiding  high  mathematical  reasoning 
in  the  present  work  makes  it  impossible  to  follow  out 
the  construction  an<l  solution  of  the  equations  of  motion. 

o 
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The  following  are  the  principal  steps.     Some  fixed  epoch 

is  chosen  wherefrom  to  reckon  the  time  at  which  the  ship 

occupies  a  certain  position  on  the  wave  slope,  and  has  an 

unknown  inclination  {ff)  to  the  verticaL     The  inclination  {0^ 

to  the  Tcrtical  of  the  wave  normal  for  that  position  can 

then  be  expressed  in  terms  of  the  steepness  of  the  waye  and 

the  wave  period ;  both  ascertainable  quantities.     Next  the 

angle  (^  — ^i)  between  this  normal  and  the  masts  can  be 

deduced  from  the  preceding  expressions ;  and  the  righting 

moment  corresponding  to  that  angle  can  be  estimated.    This 

moment  constitutes  the  active  agency  controlling  the  motion 

of  the  ship  at  that  instant,  and  it  must  be  balanced  by  the 

moment  of  the  accelerating  forces,  which  can  be  expressed  in 

terms  of  the  inertia  of  the  ship  and  the  angular  acceleration.* 

Finally,an  equation  is  obtained  involving  the  following  terms: 

— ^The  angular  acceleration  at  that  instant;  the  inclination  of 

the  masts  of  the  ship  to  the  vertical  at  that  instant ;  and  the 

effort  of  stability  at  that  instant.  The  solution  of  this  equation 

furnishes  an  expression  for  the  unknown  angle  of  inclination 

{6)  of  the  ship  to  the  vertical  at  any  instant,  in  terms  of  her 

own  natural  period,  the  wave  period,  the  ratio  of  the  height 

to  the  length  of  the  wave,  and  certain  other  known  quantities. 

Assuming  certain  ratios  of  the  period  of  the  ship  to  the 

wave  period,  it  is  possible  from  the  solution  to  deduce  their 

comparative  effect  upon  the  rolling  of  the  ship  ;  or,  assuming 

certain  values  for  the  steepness  of  the  waves,  to  deduce  the 

consequent  rolling  as  time  elapses,  and  a  continuous  series 

of  waves  passes  the  ship.      In  fact,  the  general  solution 

gives  the  means  of  tracing  out  the  unresisted  rolling  of  a 

ship  for  an   unlimited   time,  under   chosen   conditions  of 

wave  form  and  period.     A  few  of  the  more  important  cases 

may  now  be  briefly  mentioned,  it  being  understood  that  the 

theory  deals  with  unresisted  rolling  only. 

One  critical  case  is  that  for  which  the  natural  period  of 
the  ship  for  a  single  roll  equals  the  half-period  of  the  wave. 


*  See  the  explaDatioos  of  these  terms  given  at  page  107. 
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This  had  been  foreseen  by  several  of  the  earlier  writers, 
including  Daniel  Bernoulli,  apart  from  mathematical  investi- 
gation, from  the  analogy  between  the  motions  of  a  ship  and 
a  pendulum.  It  is  a  matter  of  common  experience  that,  if 
a  pendulum  receive  successive  impulses,  keeping  time  with 
(or  "  synchronising  "  with)  its  period,  even  if  these  impulses 
have  individually  a  very  small  effect,  they  will  eventually 
impress  a  very  considerable  oscillation  upon  the  pendulum. 
A  common  swing  receiving  a  push  at  the  end  of  each 
oscillation  is  a  case  in  point.  When  a  similar  synchronism 
occurs  between  the  wave  impulse  and  the  period  of  the  ship, 
the  passage  of  each  wave  tends  to  add  to  the  range  of  her 
oscillation,  and  were  it  not  for  the  deterrent  action  of  the 
fluid  resistance,  she  would  finally  capsize.  Such,  in  general 
terms,  was  the  opinion  of  the  earlier  writers,  which  recent 
and  more  exact  investigations  have  fully  confirmed.  Apart 
from  the  action  of  resistance,  Mr.  Froude  shows  that  the 
passage  of  a  single  wave  would  increase  the  range  of  oscilla- 
tion of  the  ship  by  an  angle  equal  to  about  three  times  the 
maximum  slope  of  the  wave.  For  instance,  in  an  Atlantic 
storm  wave  series,  each  wave  being  250  feet  long  and  13  feet 
high,  and  having  a  maximum  slope  of  some  9  degrees,  the 
passage  of  each  wave  would,  if  there  were  no  resistance, 
add  no  less  than  27  degrees  to  the  oscillation  of  the  ship .; 
so  that  a  very  few  waves  passing  her  would  overturn 
her.  Here,  however,  the  fluid  resistance  comes  in,  and  puts 
a  practical  limit  to  the  range  of  oscillation  in  a  manner  that 
will  be  explained  hereafter. 

It  may  be  well  to  examine  a  little  more  closely  into  the 
character  of  the  wave  impulse  which  creates  accimiulated 
rolling  in  this  case.  Suppose  a  vessel  to  be  broadside-on  in  the 
wave  hollow  when  the  extremity  of  her  roll  is  reached,  say 
to  starboard,  the  waves  advancing  from  starboard  to  port. 
Then  the  natural  tendency  of  the  ship,  apart  from  any  wave 
impulse,  will  be  to  return  to  the  upright  in  an  interval  equal 
to  one-half  her  period,  which  by  hypothesis  will  be  equal  to 
the  time  occupied  by  the  passage  of  one-fourth  the  wave 

o  2 


196  XAVAL  ARCHITECTURE.  chap.  v. 


length.  In  other  words,  the  ship  would  be  upright  midway 
between  hollow  and  crest  of  the  wave  near  which  its 
maximum  slope  occurs.  Now,  at  each  instant  of  this  return 
roll  towards  the  upright  the  inclination  of  the  wave  normal, 
fixing  the  direction  of  the  resultant  fluid  pressure,  is  such 
as  to  make  the  angle  of  inclination  of  the  masts  to  it  greater 
than  their  inclination  to  the  true  vertical ;  that  is  to  say,  the 
inclination  of  the  wave  normal  at  each  instant  virtually 
causes  an  increase  of  the  righting  moment.  Consequently, 
when  the  vessel  reaches  the  upright  position  at  the  mid- 
height  of  the  wave,  she  has  by  the  action  of  the  wave 
acquired  a  greater  velocity  than  she  would  have  had  if 
oscillating  from  the  same  initial  inclination  in  still  water. 
She  therefore  tends  to  reach  a  greater  inclination  to  port 
than  that  from  which  she  started  to  starboard;  and  this 
tendency  is  increased  by  the  variation  in  direction  of  the 
wave  normal  between  the  mid-height  and  the  crest — that 
part  of  the  wave  which  is  passing  the  ship  during  the 
period  occupied  by  the  second  half  of  her  roll.  On  reference 
to  Fig.  62 — where  the  directions  of  the  wave  normal  are 
indicated  by  the  masts  of  the  rafts — it  will  be  seen  that, 
when  the  ship  during  the  second  half  of  the  roll  inclines 
her  masts  away  from  the  wave  crest,  the  angle  between  them 
and  the  wave  normal  is  constantly  less  than  the  angle  they 
make  with  the  vertical.  The  effect  of  this  is  to  make  the 
righting  moment  less  at  every  instant  during  the  second 
half  of  the  roll  on  the  wave  than  it  would  have  been  in  still 
water.  For  unresisted  rolling,  it  is  the  work  done  in  over- 
coming the  resistance  of  the  righting  couple  which  ex- 
tinguishes the  motion  away  from  the  vertical.  On  the 
wave,  therefore,  the  vessel  will  go  further  to  the  other  side 
of  the  vertical  from  that  on  which  she  starts  than  she 
would  do  in  still  water,  for  two  reasons:  (1)  she  will 
acquire  a  greater  velocity  before  she  reaches  the  upright ; 
(2)  she  will  experience  a  less  resistance  from  the  righting 
couple  after  passing  the  upright.  From  the  above  state- 
ments, it  will  be  evident  that  there  must  be  a  direct  con- 
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nection  between  the  maximum  slope  of  the  wave  and  the 
successive  increments  of  her  oscillations. 

More  or  less  close  approximation  to  this  critical  condition 
will  give  rise  to  more  or  less  heavy  rolling ;  but  it  is  a  note- 
worthy fact  that,  even  where  the  natural  period  of  the  ship 
for  small  oscillations  equals  the  half-period  of  the  wave, 
and  may  thus  induce  heavy  rolling,  the  synchronism  will 
almost  always  be  disturbed  as  the  magnitude  of  the  oscilla- 
tions increases;  the  period  of  the  ship  will  be  somewhat 
lengthened,  and  thus  the  further  increments  of  oscillation 
may  be  made  to  fall  within  certain  limits,  lying  within  the 
range  of  stability  of  the  ship.  It  will  be  understood  that 
this  departure  from  isochronism  in  no  way  invalidates  what 
was  said  in  Chapter  IV.  as  to  the  isochronism  of  ships  of 
ordinary  form  when  oscillating  10  or  15  degrees  on  either 
side  of  the  vertical.  The  character  of  the  change  can  best 
be  illustrated  by  reference  to  a  common  simple  pendulum. 
Such  a  pendulum  swinging  through  very  small  angles  on 
either  side  of  the  vertical  has,  say,  a  period  of  one  second ;  if 
it  swings  through  larger  angles,  its  period  becomes  somewhat 
lengthened,  and  the  following  table  expresses  the  change : — * 


Angles 

of  Swing. 

Period. 

Seoonds. 

1 

1-017 
1-073 
1183 
1-373 
1-762 

Very 

30° 

(iO° 

90° 

120° 

150° 

small    . 

For  ships  the  angles  of  swing  are  never  so  great  as  to  make 
the  increase  of  period  great  proportionally,  but  yet,  as  above 
remarked,  the  increase  may  be  sufficient  to  add  sensibly  to 
the  safety  of  a  ship  exposed  to  the  action  of  waves  having 
a  period  double  of  her  own  period  for  small  oscillations; 


*  See  rejwrt  of  Committee  on 
Designs,  where  Prol'cssor  Rankine 
applied    similar    reasoning   to   the 


discussion  of  the  probable  safety 
in  a  seaway  of  the  Devastatioti 
chiss. 
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although  it  is  by  the  action   of  resistance  that  the  over- 
turning of  a  ship  so  circumstanced  is  chiefly  prevented. 

No  feature  in  the  behaviour  of  ships  is  better  established 
than  that  heavy  rolling  results  from  equality  or  approxi- 
mate equality  of  the  period  of  a  ship  and  the  half-period  of 
waves,  even  when  the  waves  are  very  long  in  proportion 
to  their  height.     Many  facts  might  be  cited  in  support  of 
this  statement,  but  a  few  must  suffice.     Admiral  Sir  Cooper 
Key  observed  that  the  vessels  of  the  Prince  Consort  class 
were  made  to  roll  very  heavily  by  an  almost  imperceptible 
swell,  the  period  of  which  was  just  double  that  of  the  ships. 
Captain  R.  Vesey  Hamilton  informed  the  Author  that,  on 
one  occasion,  the  Achilles,  a  vessel  having  a  great  reputa- 
tion for  steadiness,  rolled  more  heavily  off  Portland  in  an 
almost  dead  calm  than  she  did  off  the  coast  of  Ireland  in 
very  heavy  weather.    Mr.  Froude  reports  a  very  similar 
circumstance  as   having   occurred  during  trials  with   the 
Active.     And,  lastly,  during   the   cruise  of  the  Combined 
Squadrons  in  1871,  when  the  Monarch  far  surpassed  most  of 
the  ships  present  in  steadiness  in  heavy  weather,  there  was 
one  occasion  when,  doubtless  through  the  action  of  approxi- 
mately synchronising  periods,  she  rolled  more  heavily  in 
a  long  swell  than  did  the  notoriously  heavy  rollers  of  the 
Prinze  Consort  class. 

It  may  be  interesting  to  note  that  the  period  of  the  Prince 
Consort  class,  from  5  to  5  J  seconds,  would  just  synchronise 
with  the  half-period  of  waves  from  500  to  600  feet  long. 
It  has  been  stated  in  the  preceding  chapter  that  these 
are  almost  identically  the  dimensions  which  careful  and 
extensive  observations  have  led  us  to  accept  as  belonging  to 
the  very  large  Atlantic  storm  waves  Dr.  Scoresby  and  others 
have  encoimtered.  Hence  it  is  easy  to  explain  the  relative 
bad  behaviour  of  these  converted  ironclads  with  their  quick 
motion  and  short  period.  As  an  example,  and  by  no  means 
an  exceptional  one,  of  the  contrast  between  these  ships  and 
vessels  of  more  recent  design,  the  following  table  of  obser- 
vations made  during  the  cruise  of  1871  will  be  of  interest. 
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The  weather  was  reported  to  be  exceptionally  heavy,  but 
unfortunately  no  particulars  were  noted  of  the  dimensions 
and  periods  of  the  waves. 


Ships. 

Approximate 
Natural  Periodji. 

Arcs  of 
Oscillation. 

lA>rd  Warden    .... 

Caledonia 

Prince  Concert  .... 

Defence 

Minotaur 

Northumberland 
Hercules       .... 

Seoonda. 
I      5  to  5i 

I      7  to  7i 
8 

Degrees. 
/     ()2 

57 
i     46 
I     49 
/    35 
\     38 

25 

In  concluding  these  remarks  on  the  effects  of  approximate 
synchronism  of  periods,  it  may  be  well  to  draw  attention  to 
the  fact  that  the  truth  of  theoretical  deductions  may  be 
best  tested  by  changing  the  course  of  a  ship  relatively  to 
the  advance  of  the  waves;  this  has  been  done  most  satis- 
factorily during  the  trials  of  the  Devastation,  the  ship  re- 
maining in  the  same  condition,  and  the  waves,  of  course, 
remaining  unchanged,  while  the  apparent  period  of  the  waves 
was  altered  by  change  of  course  and  speed.* 

Lying  passively  broadside-on  to  waves  having  a  period 
of  about  11  seconds,  the  Deva^dation  was  observed  to  roll 
through  the  maximum  angles  of  6^  degrees  to  windward, 
and  7J^  degrees  to  leeward,  making  the  total  arc  14  degrees. 
She  was  then  put  under  weigh,  and  steamed  away  from  the 
waves  at  a  speed  of  71^  knots,  having  the  wind  and  sea  on 
her  quarter,  when  her  maximimi  roll  to  windward  became 
13  degrees,  and  to  leeward  14J  degrees,  making  the  total 
arc  27i  degrees.  The  difference  between  the  two  cases  is 
easily  explained,  in  view  of  the  foregoing  considerations. 
When  rolling  passively  in  the  trough  of  the  sea,  the  apparent 
period  of  the  waves  was  their  real  period ;  and  this  was  less 


•  For  an  explanation  of  the  term  **  apparent  period,"  see  page  159  of 
preceding  chapter. 


20O  XAVAL  ARCHITECTURE.  CHAP.  VL 


than  tin;  (I(>ul)lo  [K*rio<l  for  the  Devagtaiian  (13^  seconds). 
Wlu^n  »lu)  Ht<>ain(ul  away  obliquely  to  the  line  of  advance  of 
tli(^  wav(>H,  their  apparent  period  became  increased,  and  the 
(lia<j;raniH  of  the  8hip*H  performance  then  taken  showed  that 
th(^  Hp<r(l  and  (H)urse  of  the  ship  had  the  effect  of  making 
the  apparent  iM»rio<l  of  the  waves  just  equal  to  the  period  of 
a  double  roll  for  the  Devastation — in  fact,  established  that 
nynehronisni  of  ship  and  wave  which  is  most  conducive  to 
the  accumulation  of  motion. 

This  ciise  also  furnishes  an  example  of  what  to  every 
stiilor  is  a  trui>ni,  viz.  that  the  behaviour  of  a  ship  is  greatly 
inlluenerd  by  her  eiMirse  and  speed  relatively  to  the  waves. 
Theorv,  as  we  have  shown,  takes  account  of  the  case  which  is 
pn»l)«ibly  the  worst  fi>r  most  vessels — the  condition  of  a  ship 
whieh  has  Income  unmana^xeable,  ^md  rolls  passively  in  the 
trough  of  the  sea.  l^ut  so  long  as  a  ship  is  manageable, 
the  oftieer  in  command  can  larfjelv  influence  her  behaviour 
by  the  selection  of  the  course  and  speed,  which  make  the 
ratio  of  the  ])erio4ls  of  ship  and  wave  most  conducive  to 
good  j>erl\»rmance.  In  the  case  of  the  Devastation  just  cited, 
had  she  steamed  obliquely,  as  Wfore,  but  head  to  sea,  the 
api^an'nt  iH?rii»d  of  the  waves  would  have  been  decreased, 
and  the  rolling  wouM  prol^bly  have  been  less  than  it  vas 
in  either  cas«'  re^-iink-^l.  Of  course,  svnchronism  in  some 
cases  may  )k'  prtnluce^l  by  steaming  towards,  instead  of 
fn>m,  the  wavt-s.  For  in>ta!iee,  if  a  ship  having  a  peri^>J 
of  4  t*»  o  s<*Oitnd>  ha<l  bei'n  amongst  the  waves  which  the 
Di'vastittioft  enoumtored.  ^ht-n  broJld^ide-l»n.  her  j^riod  would 
have  U-en  less  than  half  that  nf  the  waves:  but  if  she  li*il 
>te^inH^l  obliquely  t<»ward<  the  waves,  their  apparent  jterk*! 
miirht  have  K-t;*n  l»*>seni-«l.  and  made  alK»ut  ^  to  iM  secv.did'S. 
Howvver  oltairit-'l.  Mich  s\Tn.-hr*:»nism  must  le*^d  uh  lire 
heavirst  r^'lliiii:  the  vessel  is  likely  to  perform;  ai>d  libe 
sttvj^T  tiir  wavi^  ilie  heavier  is  the  rolling  likely  to  he. 

A  siv^'iid  imi>.'rt-irit  deJucti-jn  frctm  the  ireneral  tJiecar 
is  found  in  the  scKVilk-l  "  i^erujaiieni "  oscillations  of  sLijis. 
If  a   vt«s<d   lia^   l^-en    h*T   a  l«»ng   while   expitstti   to  libt* 
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action  of  a  single  series  of  waves,  she  is  likely  to  have 
acquired  a  certain  maximum  range  of  oscillation,  and  to 
perform  her  oscillations,  not  in  her  own  natural  period,  but 
in  the  possibly  different  wave  period.  This  case  differs 
from  the  preceding  one  in  that  the  period  of  the  ship  for 
still-water  oscillations  does  not  agree  with  the  half-period 
of  the  wave ;  but,  notwithstanding,  the  oscillations  among 
waves  keep  pace  with  the  wave,  their  period  being  "  forced  " 
into  coincidence  with  the  half-period  of  the  wave.  At  the 
wave  hollow  and  crest  a  ship  so  circumstanced  may  be 
supposed  to  be  upright ;  she  will  reach  her  maximum  incli- 
nation to  the  vertical  when  the  maximum  slope  of  the  wave 
is  passing  under  her  (about  the  mid-height  of  the  wave) ; 
and  the  passage  of  a  long  series  of  waves  will  not  increase 
the  range  of  her  oscillations  which  are  "  permanent "  in  both 
range  and  period — hence  their  name.  The  maximum  incli- 
nation then  attained  depends,  according  to  theory,  upon  two 
conditions :  (1)  the  maximum  slope  of  the  wave ;  (2)  the 
ratio  of  the  natural  period  of  oscillation  of  the  ship  to  one- 
half  the  wave  period. 

Let  a  =  maximum  angle  made  with  the  horizon  by  the  wave 
profile ; 
0  =  maximum  angle  made  with  the  vertical  by  the 

masts  of  the  ship ; 
T  =  natural  period  of  still-water  oscillations  of  the  ship ; 
2Ti=  period  of  wave. 

If  fluid  resistance  is  neglected,  and  the  conditions  above 
stated  are  fulfilled,  mathematical  investigation  for  this  ex- 
treme case  leads  to  the  following  equation : — 

n  lax  T;' 

j_T;      Tf«T^ 

fn  2 
^  1 

Three  cases  may  be  taken  in  order  to  illustrate  the  ap- 
plication of  this  equation. 

I.  Suppose  T  =  Ti,  then  0  becomes  infinity ;  that  is  to 
say,  we  have  once  more  the  critical  case  of  synchronism  pre- 
viously discussed,  respecting  which  nothing  need  be  added. 
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II.  SuppoHo  T  If^Hri  than  T,,  so  that  ,p-,  is  a  proper  fir8u>- 

tion  h^Hrt  than  unity :  then  0  and  a  always  have  the  same 
ni^n,  whic^h  intlic^it^^H  that  tho  mast^  of  the  ship  lean  Away 
from  th(?  wavr  cTtwt,  at  all  {HiHitions,  except  when  the  Tessel 
is  upright  at  hollow  and  cn^nt.  The  closer  the  approach  to 
equality  b<»tw<M*n  T,  and  T,  tho  greater  the  Taloe  of  0; 
which  irt  c<|uivalcnt  to  an  enforcement  of  the  statement 
proviouHly  made,  that  approximate  synchronism  of  periods 
hnidH  t4>  heavy  rolling.  The  smaller  T  becomes  relatiTely 
to  Ti,  tho  Hmallcr  dtx'H  0  l>ecome;  its  maximum  value  being 
a  when  T  is  in<K*flnit(dv  small  relatively  to  T..  This  is  the 
caw)  of  the  raft  in  Fig.  <>2,  ]mge  loS,  which  keeps  its  masts 
]nimllel  to  \\\y>  wavt*  nitrmal. 

III.  SupiHise  T  gn*ater  than  Ti :  then  0  and  a  are  always 
4 if  (»p|H)site  MiguM,  and,  except  at  hollow  and  crest,  the  masts 
of  tlu*  nhip  alwuyn  lean  towunls  the  wave  crest.  The  nearer 
to  unity  is  the  nitio  of  T  t(»  T,,  the  greater  is  d\  illustiating 
as  U'fort*  the  aetnimuhition  of  motion  when  there  is  approxi- 
mate 8ynehn»ni!<m.  'I  he  greater  T  bec'omes  relatively  to  T,, 
the  less  <Km»8  0  Inxvuie;  in  other  wonls,  we  have  the  case  <rf 
8uch  a  ship  \s»  the  Inconstant^  which  keeps  virtually  upright 
as  the  wave  |»a».s*'S. 

As  an  examph*  ul*  the  use  of  the  formnlt^  take  the  follow- 
ing figures  drawn  from  the  n.»|H>rt  on  the  behaviour  of  the 
Dtri\iiftation  during  her  {uissage  to  the  Mediterranean: — 

a  =  maximum  w  ave  sIojh?  .      .      .      .      =  1  i  degrees ; 

T  =  ii  itunil  nericnl  of  ship  tor  sinirle  I       .  ,^  , 

,,       *                                      ^       J  =  b'b  seconds ; 
rvdl ) 

Ti  =  half(apj^rent)  wave  peril hI   .      .      =6  ^ 

If  the  o^nditions  of  permanent  rolling  had  lH?en  fuLSJlei 
the  formula  would  irive — 

Maximum  mi-Iination  of  ship,  sup-  |      , , } 

=  Ii  ^^  1       1   .   =-^\  degrees  (neajl^V 
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Flp  71. 


The  observed  oscillation  of  the  ship,  from  out  to  out,  at 
this  time  was  about  7  degrees,  and  the  less  magnitude 
of  this  oscillation,  as  compared  with  that  given  by  the 
formula,  must  be  accounted  for  chiefly  by  the  want  of 
absolute  uniformity  in  a  suflSciently  long  series  of  waves 
to  make  the  rolling  permanent,  as  well  as  by  the  steadying 
effect  of  the  resistance.  The  example  has,  however,  been 
given  merely  as  an  illustration  of  the  use  of  the  formula, 
not  as  a  proof  of  its  accuracy;  in  practice  all  deductions 
from  the  theory  of  unresisted  rolling,  as  to  the  esderd  of 
oscillation,  require  to  be  modified  to  allow  for  the  effect 
of  fluid  resistance. 

It  is  possible,  by  means  of  very  simple  experiments, 
to  illustrate  the  foregoing  cases.*  Let 
AB,  Fig.  71,  represent  a  pendulum  with 
a  very  heavy  bob,  having  a  period  equal 
to  the  half-period  of  the  wave.  To  its 
lower  end,  let  a  second  simple  pendulum, 
BC,  be  suspended,  its  weight  being  incon- 
siderable as  compared  with  the  wave  pen- 
dulum AB :  then,  if  AB  is  set  in  motion, 
its  inertia  will  be  so  great  that,  notwith- 
standing the  suspension  of  BO,  it  will  go 
on  oscillating  very  nearly  at  a  constant 
range — ^say,  equal  to  the  maximum  slope 
of  the  wave — on  each  side  of  the  vertical. 
First  suppose  BC  to  be  equal  in  length 
and  period  to  AB :  then,  if  the  compound  pendulum 
is  set  in  motion,  and  AB  moves  through  a  small  range, 
it  will  be  foimd  that  BC,  by  the  property  of  synchronising 
impulses,  is  made  to  oscillate  through  very  large  angles. 
Second,  if  BC  is  made  very  long,  and  of  long  period,  as 
compared  with  AB,  it  will  be  found  that  BC  continues 
to  hang  nearly  vertical  while  AB  swings,  just  as  the  ship 


*  Such  experiments  were  made  some  years  ago  by  the  Author  in  con- 
nection with  his  lectures  at  the  Royal  Naval  College. 
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of  comparatively  long  period  remains  upright,  or  nearly  so, 
on  the  wave.  Third,  if  BC  is  made  very  short  and  of  small 
period,  when  AB  is  set  moving,  BC  will  always  form 
almost  a  continuation  of  AB,  just  as  the  quick-moving 
ship  keeps  her  masts  almost  parallel  to  the  wave  normaL 
These  illustrations  appeal  to  many  who  cannot  follow 
the  reasoning,  but  can  apprehend  the  facts  from  the  ex- 
periments. 

Combining  all  these  cases  for  the  ship,  except  that  of 
synchronism  (T  =  T,),  it  will  be  seen  that,  when  T  is  less 
than  Ti,  the  least  inclination  attained  must  equal  the  maxi- 
mum wave  slope  a;  whereas,  when  T  is  greater  than  T,,  there 
is  no  practical  limit  to  the  smallness  of  6.  Here  once  more 
we  are  brought  face  to  face  with  the  representative  cases  of 
the  Miantonomoh  and  Inconstant^  as  well  as  with  the  most 
important  practical  deduction  from  the  modem  theory  of 
rolling,  viz.  that  the  best  possible  means,  apart  from 
increase  in  the  fluid  resistance,  of  securing  steadiness  in  a 
seaway,  is  to  give  to  a  ship  the  longest  possible  natural 
period  for  her  still-water  oscillations.  This  deduction  it 
is  which  has  been  kept  in  view  in  the  design  of  recent 
war-ships,  both  English  and  foreign,  and  its  correctness 
has  already  been  fully  established  by  numerous  observa- 
tions. 

It  would  be  easy  to  multiply  illustrations  from  the 
published  records  of  rolling  of  the  ships  of  the  Royal  Navy, 
as  well  as  from  those  of  the  French  navy ;  but  space  pre- 
vents us  from  doing  this,  and  we  can  only  give  a  few, 
referring  the  reader  to  the  original  documents  for  more.* 
The  table  already  given  t  furnishes  a  good  illustration  of  the 
superior  steadiness  of  ships  of  long  period.     Another  may 


•  See     rarliamentary    Papers,  Designs   for    Ships    of   War;  ami 

"  Reports  I'li  Channel  Squadrons,"  various  reports  on  the  Iwhaviour  of 

1863-68  ;   chap.  vii.  of  Mr.  Reed's  ships  in  the  French  navy. 

Our    Ironclad    Ships ;    the   rei)ort  f  See  page  11)9, 
of    the   Admiralty   Coniujittce  on 
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be  drawn  from  the  observed  performances  of  the  repre- 
sentative ships  in  the  Channel  Squadron  of  1873,  as 
under : — 


Ships. 

Approximate 
Natural  Periods. 

Mean  Arcs  of 
Oscillation. 

Beilerophon 

Minotaur 

Agincourt 

Hercules 

Sultan 

Seconds. 
6i  to  7 

I    7    to7i 

8 
8-9 

Degrees. 

16-9 

j      22-3 

\     16-4 

8-1 

6-6 

This,  it  should  be  understood,  is  a  fairly  representative 
case,  and  by  no  means  an  exceptional  one.  In  the  French 
navy  similar  results  have  been  obtained;  their  steadiest 
ships,  the  OcSan  class,  being  the  ships  of  longest  period. 
Almost  at  the  outset  of  the  ironclad  reconstruction,  the 
returns  from  the  French  experimental  squadron  of  1863 
furnished  evidence  of  the  same  kind,  as  the  following  table 
shows.  The  observations  were  made  when  the  vessels  were 
running  broadside-on  to  a  heavy  sea. 


Ships. 

Approximate 
Natural  Periods. 

Mean  Arcs 
of  Oscillation. 

Degree*, 
j     43-0 
1     41-4 
37-7 
j     36 
)     35 

Normandie 

Invincible 

Couronne     ...... 

Magenta 

Solferino 

Seconds. 
\    5to5i 

6 
\    7to7i 

The  Magenta  and  Sol/erino  were  making  only  ten  oscilla- 
tions per  minute,  whereas  the  other  ships  were  making 
twelve. 

Kecords  of  rolling  have  been  mostly  limited  to  the 
behaviour  of  ironclad  ships,  the  apprehensions  entertained 
in  some  quarters  as  to  the  unseaworthiness  and  bad  behaviour 
of  these  vessels  having  caused  greater  attention  to  be  be- 
stowed upon  them  than  upon  unarmoured  vessels.     But  now 
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that  rolling  retnms  have  been  ordered  to  be  made  in  all  her 
Majesty's  ships,  a  large  mass  of  facts  relating  to  unarmoured  as 
well  as  armoured  ships  has  been  collected,  and  is  continually 
being  increased.  The  Detached  Squadron  has  in  this  way 
enabled  a  good  comparison  to  be  made  between  the  behayiour 
of  the  early  types  of  screw  frigates,  forming  the  main  strength 
of  the  squadron,  and  that  of  the  swift  cruisers  which  have 
been  in  company — particularly  the  Jncon^^n^  and  the  Baleiffh. 
Allusion  has  already  been  made  to  the  wonderful  steadiness 
of  the  Inconstant,  which  has  a  long  period,  and  the  Baleiffh 
has  won  a  similarly  good  character,  as  the  following  speci- 
men  of  her  comparative  performances  will  show.  It  is 
taken  from  the  observations  of  rolling  made  in  the  heaviest 
weather,  experienced  by  the  squadron  in  the  spring  of  1875, 
and,  like  the  other  examples  given,  is  only  a  specimen  of 
many  similar  cases. 


Ships. 


Newcastle    . 
Topaze  , 
Immortality 
Narcissus     . 
Doris 
Raleigh  . 


Approximate 
Natural  Periods. 


Seconds. 


8 


Mean  Arcs  of 
Oscillation. 


Degrceft 

22-6 
20 
19-6 
18-7 
5-8 


Experience  teaches  that  the  quickest-rolling  ships  are 
also  the  heaviest  rollers ;  which  is  only  the  converse  state- 
ment to  the  deduction  from  theory  which  has  now  been 
illustrated.  Perhaps  the  importance  of  the  slower  motion 
being  associated  with  the  smaller  arc  of  oscillation  may, 
however,  appear  more  clearly  from  one  or  two  simple  illus- 
trations. In  the  table  on  page  1 99,  compare  the  behaviour  of 
the  Lord  Warden  with  that  of  the  Hercules  ;  the  former  rolling 
through  an  arc  of  62  degrees  about  eleven  or  twelve  times 
each  minute,  while  the  latter  rolled  through  25  degrees  only 
about  seven  or  eight  times  each  minute.  A  man  aloft,  say, 
at  a  height  of  100  feet,  in  the  Lord  Warden  would  be  swept 
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through  the  air  at  a  mean  rate  of  some  1200  feet  per  minute, 
having  the  direction  of  his  motion  reversed  about  every 
5  seconds ;  whereas  a  man  placed  as  high  in  the  Herculea 
would  only  be  moving  at  a  mean  rate  of  some  350  feet  per 
minute,  and  be  subjected  to  a  reversal  of  the  direction 
only  about  once  every  8  seconds.  The  maximum  rates  in 
passing  through  the  vertical  would  be  greater  than  these 
mean  rates ;  but  it  is  needless  to  dwell  further  upon  the 
contrast.  Hereafter  it  will  be  shown  how  great  are  the 
strains  brought  upon  the  structure,  masts,  and  rigging  of 
ships  which  roll  violently  and  rapidly ;  but  for  the  present 
purpose  the  foregoing  figures  must  suffice.  The  reader  will 
have  no  difficulty  in  multiplying  illustrations  of  the  fact, 
should  he  so  desire. 

The  remarks  on  wave  genesis  made  in  the  previous 
chapter  will  assist  the  explanation  of  the  undoubtedly 
greater  average  steadiness  of  vessels  of  long  natural  periods. 
What  may  be  termed  ordinary  storm  winds  may  by  their 
continued  action  produce  waves  having  lengths  of  600  feet 
or  under,  with  periods  of  10  to  11  seconds  or  less;  and 
these  waves  would  have  half-periods  about  equal  to  the  still- 
water  periods  of  the  wooden  screw  frigates  of  the  older  type 
and  the  converted  ironclads.  Extraordinary  conditions 
would,  on  the  other  hand,  be  required  to  produce  waves 
having  periods  double  the  still-water  periods  now  commonly 
given  to  the  largest  war-ships  armoured  and  imarmoured ; 
for  these  waves  would  be  from  1200  to  1500  feet  in  length 
— sizes  that  have  been  noted,  but  are  not  often  encoimtered. 
Before  such  waves  could  have  reached  these  enormous 
dimensions,  they  must  probably  have  passed  through  a 
condition  resembling  that  of  the  ordinary  storm  wave ;  and 
although,  in  becoming  degraded,  they  may  lose  in  their 
lengths  much  more  slowly  than  they  do  their  heights,  yet 
they  may  once  more,  before  dying  out,  approach  the  lengths 
and  periods  of  the  ordinary  storm  wave,  being  less  steep 
than  that  wave  when  fully  grown.  A  severe  and  long  con- 
tinued storm  must  have  taken  place  to  produce  the  waves 
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of  very  long  periods  synchronising  with  the  times  of  the 
double  roll  of  recent  ships ;  and  the  continued  existence  of 
such  enormous  waves  is  not  likely  to  be  of  long  duration. 
Summing  up,  therefore,  it  appears  probable  that  the  ship  of 
long  period  (say  7  to  9  seconds)  will  much  less  frequently 
fall  in  with  waves  synchronising  with  her  own  natural  period 
than  will  the  vessel  of  shorter  period  (say  4  to  6  seconds) ; 
and  when  these  large  waves  are  encountered,  their  chance 
of  continuance  is  much  less  than  that  of  smaller  waves ;  so 
that  on  both  sides  the  slower-moving  ship  gains,  when  rolling 
passively  in  the  trough  of  the  sea. 

Changes  of  course  and  speed  of  the  ship  relatively  to  the 
waves,  as  before  explained,  affect  the  relation  between  the 
periods,  and  may  either  destroy  or  produce  the  critical 
condition  of  synchronism.  But  this  is  equally  true  of  both 
classes  of  ship,  and  as  long  as  they  remain  under  control, 
all  ships  may  have  their  behaviour  largely  influenced  by 
such  changes,  whether  their  period  be  long  or  short.  When 
synchronism  is  the  result  of  obliquity  of  course  relatively 
to  the  waves,  it  implies  the  retention  of  control  over  the 
vessel  by  her  commander ;  for  when  she  becomes  un- 
manageable, a  vessel  falls  off  into  the  trough  of  the 
sea.  Hence  such  synchronism  in  the  case  of  vessels  of 
naturally  long  period  may  be  easily  avoided  by  change  of 
course  ;  for  them  rolling  passively  broadside-on  to  the  longest 
waves  of  ordinary  occurrence  is  not  the  worst  condition  (see 
previous  case  of  the  Devastation).  On  the  contrary,  the  vessels 
of  shorter  period  would  occupy  their  worst  position  relatively 
to  such  waves  when  rolling  passively  in  the  trough  of  the 
sea.  In  short,  synchronism  of  periods  usually  results  only 
from  obliquity  of  course  in  the  vessels  of  long  period ;  it 
can  only  be  avoided  in  storms  of  average  severity  by 
obliquity  of  course  in  the  quicker-moving  ships.  The 
contrast  of  conditions  speaks  for  itself. 

One  other  important  point  of  difference  between  very  long 
waves  and  ordinary  large  storm  waves  is  the  much  less  com- 
parative steepness  of  the  former.     The  fact  was  illustrated  in 
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the  previous  chapter;  its  bearing  upon  the  behaviour  of 
ships  will  be  obvious  if  the  previous  remarks  on  the  influ- 
ence of  the  maximum  wave  slope  are  recalled  to  mind.  It 
has  been  shown  that  the  upper  limit  attained  during  rolling 
motion  is  very  largely  governed  by  that  slope,  as  well  as  by 
the  ratio  of  the  periods.  Hence,  for  a  certain  fixed  ratio  of 
periods,  that  ship  will  fare  best  which  encounters  the  flattest 
and  longest  waves.  Waves  so  low  in  proportion  to  their 
length  as  to  form  a  smooth  or  gentle  swell  having  periods  of 
13  or  14  seconds  and  upwards  are  not  uncommon.  During 
the  passage  of  the  Devastation  to  the  Mediterranean,  for 
example,  such  waves  were  observed,  having  lengths  of 
nearly  900  feet,  heights  of  only  5  to  10  feet,  and  a  maxi- 
mum slope  of  not  more  than  2  degrees.  Probably  few  waves 
having  these  large  periods  have  slopes  exceeding  4  or  5 
degrees ;  whereas  waves  having  periods  of  8  or  10  seconds 
have  been  observed  to  slope  9  or  10  degrees  to  the  horizon ; 
and  it  is  such  waves  which  would  approximate  to  synchronism 
with  the  double  period  for  the  greater  number  of  ships. 

Another  deduction  from  the  general  theoretical  equation 
for  unresisted  rolling  is  that,  when  the  natural  period  of  the 
ship  is  not  equal  to  the  half-period  of  the  waves,  and  when 
the  rolling  has  not  assumed  the  "permanent"  type,  the 
oscillations  of  the  ship  will  pass  through  "  phases."  Equal 
inclinations  to  the  vertical  will  recur  at  regular  stated 
intervals,  and  the  range  of  the  oscillations  included  in 
any  series  will  gradually  grow  from  the  minimum  to 
the  maximum,  after  attaining  which  it  will  once  more 
decrease.  Here  again  observation  fully  confirms  theory :  in 
any  set  of  observations  reaching  over  5  or  10  minutes,  such 
as  are  commonly  made  in  the  Boyal  Navy,  the  minimum 
inclinations  reached  will  always  be  found  to  differ  con- 
siderably from  the  maximum  inclinations,  and  the  mean 
oscillation  is  frequently  only  a  little  more  than  half  the 
maximum  oscillation.  Take,  for  instance,  the  following 
facts  from  the  Detached  Squadron,  supplementing  those 
on  page  206. 
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Ships. 

Mean  Arcs  of 
OscilUtion. 

Maximum  Arcs 
ofOscilUUon. 

Newcastle 

Topaze 

Immortality 

Nareissut 

Doris 

Raleigh 

Degrees* 
29-6 
22-6 
20 
19-6 
18-7 
5-8 

Degrees. 
58 
50 
39 

36 
48 
15 

Similarly,  we  may  supplement  the  table  for  the  ships  of 
the  Channel  Squadron  on  page  205  with  the  following  facts 
illustrating  the  phases  of  oscillation. 


Ships. 

Mean  Arcs  of 
Oscillation. 

Maximum  Arcs 
of  Oscillation. 

Bdlerophon 

Minotaur 

Agincourt 

Hercules 

Sultan 

Degrees, 

16-9 

22-3 

16-4 

8-1 

6-6 

Degrees. 
25 
46 
37 
14 
12 

The  time  occupied  in  the  completion  of  a  phase  depends 
upon  the  ratio  of  the  natural  period  of  the  ship  to  the  wave 
period.  If  T  =  ship's  period  for  a  single  roll,  T^  =  half-period 
of  wave,  and  the  ratio  of  T  to  Tj  be  expressed  in  the  form 

^,  where  both  numerator  (p)  and  denominator  (q)  are  the 

lowest  whole  numbers  that  will  express  the  ratio :  then 

Time  occupied  in  the  completion!  __  n       m  ;. 

A      "I  I  —  Zi  Q  m  JL  seconds* 

of  a  phase )         ^ 

For  example,  the  waves  that  produced  the  rolling  recorded 
in  the  above  table  for  the  Channel  Squadron  probably  had  a 
period  of  about  9  seconds,  or  T,  =  4\  seconds.  For  the 
Minotawr  T  =  7  J  seconds  (suppose) : 

^''®°  T,  -  4i  -  9  -  3  -  J- 
for  completion  of  phase  =  3  x  2  x  7^  =  45  seconds. 
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For  the  SuUan,  T  =  8|  seconds  (nearly) ;  so  that  we  find 

T  _  8|  ^35  _  p 
Ti  -  4i  ^  18  "  q 

Time  occupied  in  completion  of  phase  =  2  x  18  x  8|  seconds 

=  315  seconds. 

It  has  been  stated  that  the  custom  in  the  Koyal  Navy  is 
to  continue  the  observations  over  an  interval  of  ten  minutes ; 
and  the  phase  of  rolling  is  practically  certain  to  be  com- 
pleted within  that  time.  But  in  every  case  the  officer 
making  the  observations  can  ascertain  from  the  comparison 
of  successive  oscillations  in  a  series  whether  the  phase  is 
completed  or  not. 

In  comparing  the  rolling  of  ships,  it  is  usual  to  take  the 
mean  arcs  of  oscillation  (i.e.  the  mean  of  the  sums  of  successive 
inclinations  on  either  side  of  the  vertical),  as  has  been  done  in 
this  chapter,  and  on  the  whole  this  appears  the  fairest  course. 
Rut  in  analysing  rolling  returns,  it  is  always  desirable  to 
look  farther,  and  note  the  maximum  and  minimum  oscilla- 
tions, as  well  as  the  rate  of  growth  of  the  range.  All  these 
particulars  are  readily  ascertainable  from  the  forms  upon 
which  the  records  of  rolling  are  kept  in  the  Eoyal  Navy. 
For  considerations  of  safety,  the  maximum  angle  of  inclina- 
tion reached  is  obviously  of  the  greatest  importance ;  but 
usually  it  is  taken  for  granted  that  vessels  will  not  roll  so 
heavily  as  to  be  liable  to  capsize,  and,  apart  from  this 
danger,  the  mean  oscillations  afford  the  best  means  of 
comparing  the  behaviour  of  ships. 

The  reader  will  not  fail  to  remark  that  the  stability  or 
instability  of  a  ship  rolling  amongst  waves  must  be  estimated, 
not  by  her  inclination  to  the  vertical  at  any  period  of  her 
motion,  but  by  her  inclination  to  the  insiantanfious  po»ition 
of  the  wave  normal,  which  has  been  shown  to  be  her  "  virtual 
upright"  or  instantaneous  position  of  equilibrium.  The 
distinction  is  important :  a  moderate  inclination  to  the  up- 
right may  occur  simultaneously  with  such  an  inclination 
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of  the  wave  normal  as  will  imperil  the  ship.    A  case  of  this 

kind  is  illus- 
trated in  Fig. 
72.  NNi  shows 
the  direction  of 
the  wave  nor- 
mal, which  is 
inclined  10  de- 
grees on  one  side 
of  the  vertical 
NV,  while  the 
masts  of  the  ship 
are  inclined  27 
degrees  on  the  other,  so  that  the  sum  of  these  inclinations, 
37  degrees,  must  be  taken  in  estimating  the  instantaneous 
righting  moment.  Remembering  what  has  been  said  of  the 
steepnesses  of  waves,  it  is  not  unreasonable  to  tiike  8  or  10 
degrees  as  the  value  of  the  maximum  inclination  of  the  normal 
to  the  vertical,  and  in  considering  the  sufficiency  of  the  range 
of  the  curve  of  stability  for  any  vessel,  it  is  desirable  to  regard 
it  as  abridged  by  this  8  or  10  degrees,  in  order  to  allow  for 
the  wave  slope.  When,  as  with  low-freeboard  vessels,  the  total 
range  is  very  small,  this  allowance  becomes  proportionately 
very  large.  For  example,  in  the  case  of  the  Olatton  (for  which 
Fig.  47,  page  101,  shows  the  curve  of  stability),  this  would 
leave  a  range  of  less  than  40  degrees.  On  the  other  hand, 
nearly  all  these  vessels  of  low  freeboard  are  mastless,  and 
therefore  not  liable  to  the  sudden  impulses  to  which  rigged 
ships  are  subjected. 

A  ship  with  sail-power,  besides  having  provision  made  for 
resisting  the  heave  of  the  sea,  like  a  mastless  ship,  must  be 
capable  of  resisting  the  heeling  action  of  a  steady  force  of 
wind  continuously  applied,  as  well  as  the  impulsive  action 
of  gusts  and  squalls.  For  all  these  reasons  a  rigged  ship 
requires  a  greater  range  of  stability  than  a  vessel  of  the 
mastless  type,  and  a  glance  at  the  curves  of  the  typical 
ships  in  Fig.  47  will  show  that  in  all  the  types  of  rigged 
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war-ships  therein  represented,  except  the  ill-fated  Captairiy 
this  condition  was  complied  with.  In  her  case,  however, 
the  range  of  stability  was  very  moderate :  her  initial  stability 
not  great,  and  her  sail  spread  large  for  an  ironclad,  all  of 
which  causes  contributed  to  her  capsizing.  Without  dis- 
cussing the  circumstances  further,  it  may  be  interesting  to 
make  use  of  the  ship  for  purposes  of  illustration,  since  we 
have  very  full  published  accounts  of  her  qualities. 

Suppose  the  Captain,  with  no  sail  set,  to  have  floated  on  a 
wave  400  feet  long  and  22  feet  high,  having  a  maximum 
surface  slope  of  about  10  degrees.  The  total  range  of 
stability  for  the  ship  (see  curve  10  in  Fig.  47)  being  54 
degrees,  if  the  allowance  of  10  degrees  be  made  for  wave 
slope,  there  will  remain  44  degrees,  measuring  the  inclina- 
tion to  the  vertical,  which  the  ship  would  have  to  reach 
before  she  became  imstable.  Under  the  assumed  conditions 
with  sails  furled,  there  would  have  been  little  or  no  risk  of 
her  reaching  such  an  inclination,  the  Captain  having  proved 
herself  to  be  a  well-behaved  ship  in  a  seaway.* 
-  Next  take  the  case  where  sail  is  set,  and  the  ship  is  acted 
upon  by  a  steady  pressure  of  wind  which  in  still  water 
would  keep  her  at  a  steady  angle  of  heel,  say,  of  10  degrees ; 
this  is  within  the  truth,  as  it  appears  from  the  official 
reports  that,  on  the  day  before  she  was  lost,  the  Captain 
heeled  from  10  to  14  degrees  under  canvas.  We  have  already 
discussed  the  case  where  the  Captain  is  sailing  at  a  steady 
heel  of  10  degrees  in  still  water,  and  Fig.  55,  page  137, 
illustrates  it.  CD  is  the  "wind  curve,"  indicating  the 
inclining  effect  of  the  wind  on  the  sails  for  different  angles 
of  heel ;  and  if  by  any  means  the  vessel,  which  has  been 
sailing  at  a  heel  of  10  degrees,  is  carried  over  to  a  greater 
inclination,  the  wind  will  follow,  and  always  absorb  that 
part  of  the  area  OCDPO  of  the  curve  of  stability  lying 
between  the  line  CD  and  the  axis  of  abscissae  (or  "base- 


*  See  the  reports  by  Admiral  Sir  T.  M.  Symonds  on  the  trials  made  of 
the  Captain  with  the  Channel  Squadrons. 
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line  ")  OP.  It  will  be  observed  that  the  wind  curve  cuts 
the  curve  of  stability  at  an  inclination  of  47  degrees,  marked 
by  the  ordinate  DDj ;  so  that  the  same  force  of  wind  that 
will  steadily  heel  the  ship  10  decrees  will  also  hold  her  at 
47  degrees,  where  she  will  be  on  the  verge  of  safety.  The 
effective  range  of  the  curve  of  stability,  excluding  the  part 
absorbed  by  the  steady  force  of  wind,  is  therefore  about 
37  degrees  only,  that  being  the  limit  of  inclination  to  the 
vertical  which  the  ship  can  reach  without  being  blown  over 
when  floating  at  mid-height  on  the  wave.  The  decrease  of 
17  degrees  from  the  total  range,  thus  shown  to  be  requisite 
to  provide  for  the  steady  action  of  the  wind  and  the  wave 
slope,  is  a  very  serious  matter.  Apart  from  gusts  and  squalls, 
there  would  still  be  a  good  provision  for  safety,  taking  into 
accoimt  the  steadiness  of  the  ship  ;  but  even  ships  reputed 
steady  occasionally  roll  as  much  as  this,  and  if  the  Captain 
had  reached  a  position  10  degrees  beyond  that  indicated  in 
Fig.  72,  she  would  have  been  on  the  point  of  capsizing.  With 
steeper  waves  having  a  greater  slope,  the  capsizing  point 
would  be  sooner  reached.  In  Mr.  Childers'  minute  on  the 
loss  of  the  Captain  (pages  56  and  57)  will  be  foimd  similar 
illustrations  to  the  foregoing,  only  on  waves  of  very  excep- 
tional steepness,  200  feet  long,  23  feet  high,  and  having  a 
maximum  slope  of  20  degrees ;  then,  supposing  the  Captain 
to  be  subjected  to  a  steady  wind  capable  of  inclining  her 
8  degrees  in  still  water,  it  is  estimated  that  only  21  degrees* 
inclination  to  the  vertical  would  suffice  to  bring  her  to  the 
verge  of  capsizing.  Reverting  to  Fig.  55,  and  taking  the 
case  of  the  Monarch  exposed  to  a  force  of  wind  equal  to 
that  assumed  to  act  on  the  Captain,  it  will  be  seen  that,  after 
providing  for  the  steady  action  of  the  wind,  there  remains  an 
available  range  (KW)  of  over  55  degrees,  after  allowing  10 
degrees  for  the  wave  slope,  instead  of  37  degrees,  as  in  the 
Captain  under  identical  circumstances.  From  these  two 
cases  it  will  be  evident  that  good  range  in  the  curve  of 
stability  is  of  the  highest  importance  in  rigged  ships. 

Adding  to  these  considerations  of  steady  wind  pressure 


CHAP.  VI.  OSCILLATIONS  AMONG   WAVES.  21 5 

that  of  the  effect  of  squalls  or  gusts  of  wind,  the  danger  of 
capsizing  is  evidently  much  increased.  What  was  said  re- 
specting the  action  of  gusts  on  a  rigged  ship  rolling  in 
still  water  does  not  exactly  apply  here,  because  the  wave 
normal,  with  respect  to  which  the  instantaneous  righting 
moment  has  to  be  estimated,  is  constantly  changing  its 
position,  while  the  wind  maintains  its  horizontal  direction. 
Various  attempts  have  been  made  to  deal  with  this  problem, 
but  none  of  them  are  entirely  satisfactory.  For  our  present 
purpose  it  will  therefore  suffice  to  say  generally  that  the 
sudden  action  of  the  wind  upon  the  sails,  coming,  as  it 
may,  at  the  extreme  of  the  roll  to  windward,  must  tend  to 
increase  the  return  roll  to  leeward,  beyond  the  range  which 
would  be  attained  under  the  action  of  the  waves  alone,  or 
of  the  waves  and  the  steadily  applied  wind.  A  range  of 
stability  sufficient  to  provide  against  such  impulsive  actions 
ought  to  be  secured  in  all  rigged  ships;  and  experience 
leads  to  the  conclusion  that,  to  secure  a  proper  margin  of 
safety,  the  range  of  the  curves  of  stability  for  such  ships 
ought  to  be  at  least  70  or  80  degrees.  The  Admiralty 
Committee  on  Designs  fixed  50  degrees  as  the  minimum 
range  to  be  desired  in  the  curves  of  stability  for  mastless 
ships ;  so  that  the  range  named  for  rigged  ships  is  about  5(> 
per  cent,  greater.  It  will  be  understood  that  these  limiting 
values  of  the  range  of  stability  are  not  direct  deductions 
&om  theory,  but  rules  based  upon  experience,  and  probably 
providing  a  reasonable  margin  of  safety. 

It  has  been  shown  that  a  ship  accompanying  the  motion 
of  the  waves,  and  heaving  vertically,  is  subjected  to  ac- 
celerating forces  which  affect  her  apparent  weight,  just  as 
similar  accelerating  forces  affect  the  pressure  of  the  water 
in  the  wave.  Actual  observations  have  proved  the  apparent 
weight  of  a  ship  to  have  varied  about  20  per  cent,  above  and 
below  the  true  weight  ;*  and  the  importance  of  this  variation 
must  not  be  overlooked,  because  the  righting  moment  at 
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aDjr  instant  inTolves  a^  a  (actor  the  apparent  weight,  which 
may  be  alx»ve  or  below  the  troe  weight.    Take  the  caae 
where  it  is  lew  than  the  true  weight — i«e.  the  upper  half  of 
the  orbiti9,  or  the  upper  half  of  the  waves.    Then,  since  the 
force  of  the  wind  is  not  affected  by  the  ware  motion^  it  must 
during  this  time  have  a  greater  inclining  effect  apon  the 
Tessel  than   the  same  force  of  wind  would  hare   in   still 
water;  and  in  vessels  of  low  freeboard,  such  as  the  Capiaim, 
where  the  curve  of  stability  is  exceptionally  small  in 
and  flat-topped  (see  Fig.  47),  this  virtual  loss  of 
moment  due   to  the  vertical   heaving  motion  may  prove 
another  cause  of  danger.    Of  course,  in  the  lower  half  of  the 
orbit  the  apparent  weights  and  the  instantaneous  righting 
moments  are  greater  instead  of  less  than  in  still  ?rater. 
And  it  must  also  be  remembered   that  for  a   ship  on  a 
wave  the  vertical  accelerating  forces  become  zero,  the  true 
weight  being  the  apparent  weight,  at  nearly  the  same  time 
that  the  wave  normal  reaches  its  maximum  inclination  (as 
in  Fig.  72).     Both  these  are  circumstances  telling  in  favour 
of  the  ship ;  but  at  the  same  time  the  subject  now  briefly 
mentioned  is  certainly  one  deserving  attention  in  discussions 
of  the  safety  of  rigged  ships  rolling  amongst  waves. 

Only  a  passing  notice  has  been  bestowed  hitherto  upon 
the  very  important  effects  of  fluid  resistance  in  modifying 
the  rrjUing  of  ships  among  waves.  This  branch  of  the 
subject  is,  however,  of  great  interest,  and  has  attracted  the 
attention  of  several  able  investigators:  although  they  are 
not  agreed  in  all  points,  there  are  many  general  considera- 
tions which  command  universal  support ;  to  some  of  these, 
brief  reference  will  now  be  made. 

The  deductions  from  the  hypothetical  case  of  unresisted 
rolling,  which  is  mainly  discussed  in  the  modern  theory^ 
can  be  regarded  only  as  of  a  qualitative  and  not  of  a  quanti- 
tative character.  For  example,  one  of  these  deductions  is 
that  a  ship  rolling  imresistedly  among  waves  having  a  period 
double  her  own  natural  period  will  accumulate  great  rolling 
motion,  and  infallibly  upset.     As  a  matter  of  fact,  we  know 
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that,  while  the  assumed  ratio  of  periods  leads  to  the  produc- 
tion of  heavy  rolling,  ships  do  not  commonly,  nor  in  any  but 
exceptional  cases,  upset  under  the  condition  of  synchronism ; 
in  other  words,  the  character  of  the  motion  is  well  described 
by  the  deduction  from  the  hypothetical  case,  but  its  extent 
is  not  thus  to  be  measured.  Similarly,  in  other  cases,  the 
effect  of  resistance  must  be  considered  when  exact  measures 
of  the  range  of  oscillation  are  required,  as  they  may  be  in 
discussing  the  safety  of  ships.  The  problem,  therefore, 
resolves  itself  into  one  of  correcting  the  deductions  from  the 
case  of  unresisted  rolling,  by  the  consideration  of  resistance 
coming  into  play. 

In  accordance  with  the  principles  explained  in  Chapter  IV., 
it  is  possible  by  means  of  still-water  rolling  experiments  to 
ascertain  the  moment  of  resistance  of  a  ship  corresponding 
to  any  assigned  arc  of  oscillation.  If  the  ship  herself  has 
not  been  rolled  for  that  purpose,  but  a  sister  ship  or  similar 
vessel  has  been  so  rolled,  her  coeflScients  of  resistance  may 
be  estimated  with  close  approximation,  and  the  retarding 
effect  of  resistance  may  be  determined.  This  is  true  within 
the  limits  of  oscillation  reached  by  the  still-water  experi- 
ments, say,  10  or  15  degrees  on  each  side  of  the  vertical,  and 
in  high-sided  ships  of  ordinary  form  the  limits  may  probably 
be  extended.  In  fact,  it  may  be  assumed  that  the  coefficients 
of  resistance  for  most  ships  are  or  may  be  ascertained  by 
these  rolling  experiments,  for  inclinations  as  great  as  are 
likely  to  be  reached  by  the  same  ships  when  rolling  in  a 
seaway,  in  all  but  exceptional  circumstances. 

If  a  vessel  rolls  through  a  certain  arc  amongst  waves,  it 
appears  reasonable  to  suppose  that  the  effect  of  resistance 
will  be  practically  the  same  as  that  experienced  by  the  ship 
when  rolling  through  an  equal  arc  in  still  water.  The 
intrusion  of  the  vessel  into  the  wave,  as  already  remarked, 
must  somewhat  modify  the  internal  molecular  forces,  and  she 
must  sustain  certain  reactions,  but  for  practical  purposes 
these  may  be  disregarded,  not  being  proportionally  large. 

Eesistance  is  always  a  retarding  force ;  in  still  water  it 
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tends  to  extinguish  oscillation ;  amongst  waves  it  tends  to 
limit  the  maximum  range  attained  by  the  oscillating  ship. 
This  may  be  well  seen  in  the  critical  case  of  synchronism ; 
where  a  ship  rolling  unresistedly  would  have  a  definite 
addition  made  to  her  oscillation  by  the  passage  of  each  wave. 
The  wave  impulse  may  be  measured  by  the  added  oscillation ; 
the  dynamical  stability  corresponding  to  the  increased  range 
expressing  the  "energy"  of  the  wave  impulse.  At  first 
the  oscillations  are  of  such  moderate  extent  that  the  angular 
velocity  is  small,  and  the  wave  impulse  more  than  overcomes 
the  efiect  of  the  resistance ;  the  rolling  becoming  heavier. 
As  it  becomes  heavier,  so  does  the  angular  velocity  increase, 
and  with  it  the  resistance ;  at  length,  therefore,  the  resist- 
ance will  have  increased  so  much  as  to  balance  the  increase 
of  dynamical  stability  corresponding  to  the  wave  impulse — 
then  the  growth  of  oscillation  ceases.  As  successive  waves 
pass  the  ship  after  this  result  is  attained,  they  each  deliver 
their  impulse  as  before,  but  their  action  is  absorbed  in 
counteracting  the  tendency  of  the  resistance  to  retard  and 
degrade  the  oscillations. 

When  a  ship  is  rolling  "  permanently  "  amongst  waves, 
her  oscillations  having  a  fixed  range  and  period,  a  similar 
balance  will  probably  have  been  established  between  the  wave 
impulse  and  the  resistance ;  and  here  also  the  actual  limit 
of  range  will  fall  below  the  theoretical  limit  given  by  the 
formula  for  unresisted  permanent  rolling  on  page  201.  Resist- 
ance may,  in  this  case,  be  viewed  as  equivalent  to  a  reduction 
in  the  steepness  of  the  waves ;  this  diminished  slope  taking  the 
place  of  what  has  been  termed  the  "  eflTective  slope  "  for  un- 
resisted rolling.  Hence  it  will  be  seen  why  the  general 
deductions  from  the  theory  of  unresisted  rolling  are  so  well 
borne  out  by  experience  with  actual  ships  whose  behaviour 
is  largely  influenced  by  resistance. 

Mr.  Froude  has  approached  in  this  way  the  problem  of 
determining  the  maximum  range  likely  to  be  attained  by 
ships  of  known  natural  period  rolling  amongst  waves  of  known 
dimensions ;  making  an  allowance  from  the  actual  steepness 
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of  the  wave,  in  order  to  provide  what  he  terms  the  "  main- 
taining power  "  required  to  balance  the  resistance,  and  using 
the  remaining  wave  as  that  which  for  unresisted  rolling 
would  produce  oscillations  similar  to  those  actually  performed 
by  the  ship.  These,  however,  are  matters  lying  outside  the 
scope  of  the  present  work,  and  they  cannot  be  pursued  further. 
The  broad  practical  deduction  is  that  increased  resistance 
acts  beneficially  on  a  ship  by  limiting  her  maximum  oscil- 
lations, and  the  correctness  of  this  deduction,  although  for- 
merly it  was  disputed  by  some  high  authorities  in  the  science 
of  naval  architecture,  has  now  been  placed  beyond  doubt. 

The  Admiralty  Committee  on  Designs  took  evidence  in 
1871  as  to  the  advantages  or  otherwise  of  bilge-keels ;  this 
evidence  was  not  unanimously  favourable  to  the  use  of  such 
keels,  but  its  general  tenour  was  so.  Some  of  the  Indian  troop- 
ships had  been  fitted  with  deep  bilge-keels  at  that  time,  and 
the  reports  on  their  efiect  on  the  behaviour  of  the  ships  were 
most  definite.  The  captain  of  the  Serapis  reported  that  the 
bilge-keels,  having  been  tried  under  all  conditions  of  wind 
and  sea,  had  proved  a  perfect  success,  and  added,  "  I  can  con- 
"fidently  say  her  rolling  has  been  lessened  10  degrees  each 
"  way."  As  regarded  the  Crocodile^  no  similarly  severe  tests 
had  at  that  time  been  made,  but  the  opinion  was  confidently 
expressed  that  "  the  rolling  had  been  much  checked  by  the 
"  bilge  pieces,"  the  ship  having  often  rolled  heavily  before 
they  were  fitted,  and  being  considered  "remarkably  steady" 
afterwards.  Mr.  Froude  also  came  forward  with  the  reports 
of  his  experiments  on  models,  and  strongly  recommended 
the  use  of  deep  bilge-keels,  a  recommendation  which  was 
endorsed  by  the  committee  in  their  report. 

The  experiments  of  Mr.  Froude  were  made  at  Spithead 
with  the  same  model  of  the  Devastation  as  had  previously 
been  used  to  determine  the  efiects  of  different  depths  of 
bilge-keels  upon  still-water  oscillations.*  At  the  time 
considerable  doubt  was  entertained  in  some  quarters  as  to 
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tlie  safety  of  the  Devastalion ;  and  it  was  intended  to  try 
the  model  amongst  waves  having  approximately  the  same 
period  as  its  own  for  a  double  roll,  in  order  to  obtain  a 
verification  of  the  theoretical  investigations  of  the  probable 
behaviour  of  the  ship  when  similarly  circumstanced.  Waves 
were  found  having  the  desired  period,  but  they  proved  to  be 
proportionately  much  steeper  than  any  waves  would  be  that 
would  synchronise  with  the  double  period  of  the  ship.  Hence 
the  trials  became  simply  a  test  of  the  relative  merits  of  the 
difierent  bilge-keels,  and  in  no  sense  a  representation  of 
the  probable  behaviour  of  the  ship.  The  results  were  found 
to  be  as  follows : — 


CoDililion  of  Model. 

Uiiimum  AngU 
BttaiDStt. 

With  6  feet  bilge-keel  on  eacli  si.ie  .... 

„     3  feet        „                

„     nobilg..k™h 

5    degrees. 
13t      „ 
Model  up«t. 

^^k   behi 


'I'he  deeper  bilge-keels,  therefore,  proved  very  influential 
in  limiting  the  range  of  oscillation,  the  waves  remaining  of 
the  ^me  character,  and  the  variations  in  the  depths  of  the 
keels  being  the  only  changes  made  during  the  trials. 

The  most  complete  evidence  of  the  usefulness  of  bilge- 
keels  in  limiting  the  rolling  of  ships  in  a  seaway  is  that 
afforded  by  the  experiments  made  off  Plymouth  in  1872  by 
Mr.  Froudo.  Two  sloops,  the  Qreyliound  and  Perseus,  had 
been  placed  by  the  Admiralty  at  the  disposal  of  Mr.  Froude 
for  this  purpose ;  the  Greyhound  was  fitted  with  temporary 
bilge-keels  about  3J  feet  deep,  which  were  not  supplied  to 
the  Perseui.  iSo  far  as  external  form  and  dimemiioDS  were 
concerned,  the  two  vessels  were  very  similar;  and  by  means 
of  ballast  they  were  made  to  have  practically  the  same 
dniuEht  of  water  and  still-water  period ;  the  latter  being 
about  4  seconds  for  a  single  roll.  With  the  one  ex- 
ception of  the  bilge-keels,  the  conditions  influcnciug  the 
behaviour  of  the  two  ships  were  thus  made  as  nearly  as 
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possible  identical ;  and  their  comparative  rolling,  when 
exposed  to  the  same  series  of  waves  simultaneously,  ne- 
cessarily afforded  a  measure  of  the  effect  of  the  bilge-keels. 
When  the  trials  were  made,  the  waves  were  of  moderate 
length,  and  from  4  to  5  seconds'  period ;  the  two  vessels 
were  towed  out  and  placed  broadside-on  to  the  waves,  in  im- 
mediate neighbourhood,  but  not  so  close  to  one  another  as  to 
favour  one  by  any  shelter  from  the  other.  Their  simultaneous 
rolling  was  then  observed,  and  the  Perseus  was  found  to 
reach  a  maximum  roll  about  twice  as  great  as  that  for  the 
Oreyhound  ;  the  proportions  for  the  mean  oscillations  of  the 
two  ships  being  much  the  same  as  those  of  the  maximum. 
Thus,  taking  twenty  successive  rolls,  the  mean  for  the  Grey- 
hound was  less  than  6  degrees,  whereas  that  for  the  Perseus 
was  11  degrees ;  the  maximum  inclination  of  the  Greyhormd 
during  this  period  was  about  7  degrees,  that  for  the  Perseus 
about  l'>  degrees.     Comment  upon  these  facts  is  needless. 

The  accidental  loss  of  a  portion  of  one  of  the  temporary 
bilge-keels  attached  to  the  Oreyhound  at  the  end  of  these 
trials  furnished  an  imlooked-for  illustration  of  their  beneficial 
effect.  Such  a  loss  would  not  have  occurred  in  a  vessel  with 
permanent  bilge-keels,  but  the  deep  bilge-keels  in  the  Orey- 
hound, being  fitted  for  experimental  purposes  only,  were  not 
very  strongly  secured  to  the  hull,  and  a  portion  of  one  gave 
way.  Its  loss  was  not  known  to  Mr.  Froude  until  afterwards, 
but  it  was  noticed  that  the  behaviour  of  the  ship  had  sus- 
tained a  sudden  change,  the  rolling  being  more  heavy  than 
before ;  and  the  cause  could  not  be  detected  until  the  de- 
tached portion  of  the  bilge-keel  was  seen  floating  alongside. 

This  careful  and  conclusive  series  of  experiments  does  not, 
of  course,  fairly  represent  the  ordinary  conditions  of  bilge- 
keel  resistance,  the  depth  of  the  keels  fitted  to  the  Orey- 
hound  being  proportionately  very  great  indeed.  But  it 
exemplifies  what  may  be  accomplished  in  this  direction,  and 
the  facts  obtained  are  very  valuable  for  the  future  guidance 
of  naval  architects.  Circumstances  may  and  do  arise  in 
the  designing  of  war-ships  which  make  it  difficult,  if  not 
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impossible,  to  associate  requisite  qualities  with  the  long 
still-water  period  which  theory  shows  to  be  advantageous. 
In  such  cases,  steadiness  may  be  secured  by  the  increase 
of  bilge- keel  resistance,  in  association  with  a  moderately  long 
still-water  period.  The  good  behayiour  of  the  Devastation 
in  her  trials  with  the  Sultan  was  undoubtedly  due  in  part  to 
her  deep  bilge-keels ;  for  the  StiUan  has  a  still-water  period 
nearly  30  per  cent,  longer  than  that  of  the  Devastationy  and 
with  equal  bilge -keel  resistance  should  be  much  the  steadier 
ship.  The  less  bilge-keel  resistance  of  the  Suitan^  however, 
decreased  the  relative  effect  of  her  Jonger  period,  and  so  far 
as  the  trials  off  Berehaven  went,  the  Devastation  compared 
very  favourably  indeed  with  the  ironclad  which  has, 
perhaps,  the  greatest  reputation  for  steadiness  of  any 
armoured  ship  afloat.  These  trials  were  not  so  extensive  as 
to  completely  settle  the  relative  steadiness  of  the  two  ships; 
but  they  furnished  conclusive  evidence  of  the  advantages 
resulting  from  the  use  of  deep  bilge-keels  in  the  Devastation^ 
and  thence  of  their  advantages  if  fitted  to  other  ships.  The 
use  of  bilge-keels  is  no  novelty  in  the  Eoyal  Navy ;  they  have 
been  commonly  fitted  throughout  the  period  of  the  ironclad 
reconstruction.  The  depths  recently  employed  have,  however, 
been  greater  than  those  formerly  adopted,  with  a  correspond- 
ingly increased  effect  in  preventing  the  accumulation  of 
rolling  motion.  Care  has,  of  course,  to  be  exercised  in  fitting 
these  bilge- keels  in  order  that  they  may  not  interfere  with 
the  speed  or  steering  of  the  ship ;  and  it  is  customary  to  fit 
them  only  over  about  one-half  of  the  length  of  the  ship, 
keeping  them  on  the  middle  part  of  the  length,  and  leaving 
the  extremities  free  from  such  appendages. 

It  need  hardly  be  added  that^  in  making  these  lengthy  re- 
ferences to  bilge-keel  resistance,  it  is  not  intended  to  pass  by 
the  fact  that  the  form  of  the  immersed  part  of  a  ship  and 
the  condition  of  her  bottom  very  considerably  affect  the 
aggregate  resistance.  But  all  these  conditions  are  included 
in  the  determination  of  the  coefficients  of  resistance  to  roll- 
ing ;  and,  moreover,  the  form  of  a  ship  is  determined  by  the 
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nayal  architect  mainly  with  reference  to  its  carrying  power 
and  propulsion,  not  with  reference  to  the  increase  of  the 
resistance  to  rolling.  This  latter  is  a  subordinate  feature  of 
the  design,  and  is  best  effected  by  leaving  the  under-water 
form  of  the  ship  herself  unaltered,  and  simply  adding  bilge- 
keels.  The  depths  of  these  keels  should  be  made  as  great  as 
possible  consistently  with  the  conditions  of  service  of  the 
ship,  the  sizes  of  the  docks  she  has  to  enter,  or  other  special 
circumstances. 

Certain  classes  of  ships  present  singular  features  con- 
siderably affecting  their  behaviour  at  sea.  Vessels  with  pro- 
jecting armour,  like  the  American  monitors,  or  the  Glatton 
in  the  Eoyal  Navy,  or  the  Devastation  class  as  they  were 
originally  designed,  really  possess  in  these  projections 
virtual  side-keels  of  great  efiBciency  in  adding  to  the  resist- 
ance to  rolling ;  and  the  records  of  the  behaviour  of  American 
monitors  prove  that  the  projections  had  a  steadying  effect. 
There  was,  however,  the  drawback  that  the  alternate  emersion 
and  immersion  of  the  armour  shelf  brought  considerable 
shocks  or  blows  upon  the  under  side  of  the  projecting  armour, 
tending  to  shake  and  distress  the  fastenings  of  these  singularly 
constructed  vessels.  Similar  shocks  were  experienced  in  the 
Devastation  when  rolling  in  a  seaway,  although  the  vastly 
different  construction  of  the  armoured  side  prevented  any 
injurious  effects  similar  to  those  said  to  have  been  expe- 
rienced in  the  American  monitors.  After  several  trials  it 
was  decided  to  "  fill-in  "  the  projection  of  the  armour  shelf 
in  the  Devastation  in  order  to  avoid  the  shocks ;  the  re- 
duction of  the  resistance  being  accepted  when  it  had  been 
ascertained  beyond  question  that  the  vessel  was  singularly 
steady  and  well  behaved. 

Low  freebofird  also,  as  previously  explained,  develops 
deck  resistance  by  the  immersion  and  emersion  of  the  one 
or  other  side  that  accompanies  moderate  angles  of  rolling. 
Mr.  Froude  has  shown  by  his  trials  with  the  Devastation 
model  how  very  influential  in  checking  rolling  this  deck 
resistance  is  when  the  vessel  rolls  in  smooth  water;  and 
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observations  of  the  behaviour  of  monitors  amongst  waves 
have  clearly  shown  that  conditions  similar  to  those  of  still 
water  obtain  also  for  rolling  amongst  waves.  In  vessels  of 
orrlinary  forms  and  good  freeboard  nothing  similar  to  this 
deck  resistance  exists ;  and  therefore  in  monitors  the  use  of 
bilge-keels  is  not  so  necessary  as  it  is  in  ordinary  vessels. 

The  steadying  effect  of  sails  upon  ships  rolling  in  a  sea- 
way is  a  matter  of  common  experience ;  it  is  chiefly  due  to 
the  resistance  developed  by  the  rapid  motion  of  the  sails 
through  the  air  as  the  ship  rolls.  This  motion  of  the  sails 
must,  of  course,  be  estimated  relatively  to  that  of  the  wind. 
As  the  vessel  rolls  to  leeward,  there  is  a  virtual  loss  of  the 
wind  pressure  on  the  sails,  due  to  the  relative  velocity, 
being  the  difference  of  the  velocities  of  the  wind  and  the  sails ; 
whereas,  when  she  rolls  to  windward,  the  relative  velocity  is 
determined  by  the  sum  of  these  two  velocities,  and  there  is 
a  virtual  increase  of  the  wind  pressure  on  the  sails,  as  com- 
pared with  the  case  where  the  vessel  is  sailing  at  a  steady 
heel.  A  vessel  under  sail  therefore  commonly  oscillates 
about  some  position  of  mean  inclination  lying  to  leeward  of 
her  steady  angle  of  heel  in  still  water  for  the  same  pressure 
of  wind,  and  often  does  not  pass  to  the  windward  side  of  the 
vertical.  But  the  steadying  effect  is  obtained  in  association 
with  a  liability  to  large  angles  of  inclination  being  reached 
in  consequence  of  the  sudden  action  of  gusts  or  squalls  of 
wind  upon  the  sails,  as  explained  in  a  previous  part  of 
this  chapter.  And  on  the  whole  this  latter  aspect  of  the 
influence  of  sail-power  on  the  behaviour  of  ships  appears 
the  more  important. 

Little  need  be  said  respecting  the  longitudinal  oscillations 
of  pitching  and  'spending  experienced  by  ships  among  waves. 
The  great  longitudinal  stability  of  ordinary  ships  renders  it 
difBcult  to  establish  these  oscillations  in  still  water  for  pur- 
poses of  experiment.  One  or  two  small  ships  have  been  made 
to  oscillate  longitudinally  in  order  to  ascertain  the  period ; 
and  it  api)ears  that  for  short,  broad  vessels  this  period  is 
about  three-fourths   the   period  for   transverse   oscillation. 
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Other  observations  made  in  a  moderate  seaway  appear  to 
show  that  the  period  for  pitching  oscillations  in  ships  of 
greater  proportions  of  length  to  beam  is  from  two-thirds 
to  one-half  that  for  rolling.  But  we  neither  possess  nor 
do  we  require  experimental  data,  relating  to  the  still- 
water  periods  for  longitudinal  oscillations,  similar  to  those 
for  transverse  oscillations,  on  the  importance  of  which 
stress  has  been  laid.  It  may  be  taken  for  granted  that,  as  a 
rule,  the  effect  upon  the  period  of  the  great  height  of  the 
longitudinal  metacentre  above  the  centre  of  gravity  of  a 
ship  more  than  counterbalances  the  effect  of  the  increased 
moment  of  inertia  for  longitudinal  oscillations,  the  period 
of  such  oscillations  being  less  than  the  period  for  transverse 
oscillations.*  In  the  Eussian  circular  ships  the  two  periods 
must  be  nearly  equal. 

The  existence  of  waves  supplies  a  disturbing  force 
capable  of  setting  up  the  longitudinal  oscillations ;  this  is 
a  matter  of  fact,  and  it  is  easily  accoimted  for.  Suppose  a 
ship  to  be  placed  bow-on  to  an  advancing  wave ;  its  slope 
will  at  the  outset  rise  upon  the  foremost  part  of  the  ship 
above  the  water-level  in  still  water;  and  perhaps  simul- 
taneously at  the  after  part  of  the  ship  the  wave  profile  may 
fall  below  the  still- water  level.  The  obvious  tendency  of  the 
bow  will  be  to  rise  under  the  action  of  the  surplus  buoyancy 
at  that  part,  the  stem  falling  relatively ;  that  is  to  say,  a 
'scending  motion  will  be  established,  and  its  initial  rate  will 
depend  upon  the  still-water  period  for  longitudinal  oscilla- 
tions. After  the  wave  crest  has  passed  the  bow  of  the  ship, 
supposing  for  the  instant  that  the  wave  is  long  as  compared 
with  the  length  of  the  ship,  there  will  probably  be  a  reversal 


*  Ajjart    from     resistance,    the  the    centre    of   gravity,    and    tlie 

formula  for  the    period  of  longi-  radius    of   gyration,    k,    must    be 

tudinal  oscillations  takes  the  same  estimated    by    multiplying     each 

form  as  that  given  atpage  113  for  the  element  of  weight  by  the  square 

period  of  rolling ;  only  the  height,  of  its  distance  from  the  transverse 

m,  must  be  equal  to  the  height  of  axis   passing    through    the   centre 

the  longitudinal  metacentre  above  of  gravity. 
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of  the  conditions.  The  wave  profile  on  the  back  slope  of  the 
wave  would  probably  fall  below  the  still-water  load-line 
at  the  bow,  and  this  excess  of  weight  over  buoyancy  would 
tend  to  check  'scending  and  cause  pitching  to  begin.  The 
motion  thus  created  by  the  passage  of  the  first  wave  would 
of  course  be  modified  by  the  passage  of  succeeding  waves  in 
the  series ;  and  in  the  end  there  would  probably  be  established 
a  certain  phase  of  pitching  and  'scending  oscillations^  corre- 
sponding in  character  to  the  phases  of  rolling  described 
above. 

This  is  the  simplest  case  that  can  be  chosen,  and  it  by  no 
means  represents  all  the  conditions  of  the  problem ;  but  it 
shows  how  the  existence  of  waves  and  their  passage  past  a 
ship  lead  to  disturbances  of  the  conditions  of  equilibrium 
existing  in  still  water,  and  to  the  creation  of  accelerating 
forces  due  to  the  excess  or  defect  of  buoyancy.  No  account 
has  here  been  taken  of  the  variations  in  the  direction  and 
magnitude  of  the  fluid  pressure  at  different  parts  of  the  wave ; 
although  these  variations  would  undoubtedly  produce  some 
modification  in  the  behaviour  of  the  ship,  the  modifica- 
tion would  not  be  likely  to  change  the  character  of  the  motion, 
with  which  alone  we  are  at  present  concerned. 

This  illustration  also  shows  that  the  following  are  the  chief 
causes  influencing  the  pitching  and  'soending  of  ships :  (1) 
the  relative  length  of  the  waves  and  the  ships ;  (2)  the  re- 
lation between  the  natural  period  (for  longitudinal  oscilla- 
tions) of  the  ship  and  the  apparent  period  of  the  waves,  this 
apparent  period  being  influenced  by  the  course  and  speed  of 
the  ship  in  the  manner  previously  explained  ;  (3)  the  form 
of  the  wave  profile,  i.e.  its  steepness ;  (4)  the  form  of  the  ship, 
especially  near  the  bow  and  stem,  in  the  neighbourhood  of  the 
still- water  load-line,  this  form  being  influential  in  determining 
the  amounts  of  the  excesses  or  defects  of  buoyancy  corre- 
sponding to  the  departure  of  the  wave  profile  fix)m  coincidence 
with  that  line ;  (5)  the  longitudinal  distribution  of  the 
weights,  determining  the  moment  of  inertia.  In  addition, 
it  need  hardly  be  said  that  fluid  resistance   exercises  a 
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most  important  influence  in  limiting  the  range  of  the 
oscillations;  this  resistance  is  governed  by  the  form  of 
the  ship,  and  particularly  by  that  of  the  extremities,  where 
parts  lying  above  the  still-water  load-line  are  immersed 
more  or  less  as  the  ship  pitches  and  'scends,  and  therefore 
contribute  to  the  resistance. 

This  summary  requires  but  few  comments.  It  is  obvious 
that,  when  the  length  of  a  ship  is  great  as  compared  with  the 
wave  length,  there  is  no  probability  of  extensive  pitching 
motions  being  produced.  The  Oreat  Eastern^  for  example, 
with  her  length  of  680  feet,  could  span  from  crest  to  crest 
even  on  the  very  large  Atlantic  storm  waves  observed  by 
Dr.  Scoresby  ;  and  on  storm  waves  of  common  occurrence  she 
might  be  floating  simultaneously  on  three  of  them.  Even  less 
imposing  structures,  such  as  the  largest  ships  of  the  Royal 
Navy,  with  lengths  of  300  to  400  feet,  are  long  as  compared 
with  ordinary  storm  waves,  and  therefore  are  not  likely,  as  a 
rule,  to  accumulate  large  angles  of  pitching — a  conclusion 
borne  out  by  experience.  Small  vessels  may,  of  course,  fall 
in  with  waves  which  are  long  relatively  to  their  own  lengths ; 
but  in  such  cases  it  is  a  common  observation  that  the  vessels 
"float  like  ducks  on  the  water" — that  is  to  say,  their 
natural  periods  for  longitudinal  oscillations  are  so  small  as 
compared  with  the  wave  period  that  they  can  very  closely 
accompany  the  motions  of  those  parts  of  the  wave  slope  upon 
which  they  float.  In  fact,  their  condition  furnishes  a  parallel 
to  the  case  of  the  little  raft  in  Fig.  62,  except  that  the  raft 
follows  the  upper  surface  of  the  wave,  whereas  the  ship, 
stretching  over  a  considerable  length  on  the  wave,  and  pene- 
trating to  some  depth  in  it,  does  not  follow  the  upper  surface, 
but,  as  it  were,  averages  the  slope  of  a  portion  of  a  subsurface 
corresponding  to  her  own  length. 

According  to  theory,  the  case  of  pitching  is  best  dealt  with 
in  a  manner  similar  to  that  adopted  for  rolling  motions.  The 
ship  is  supposed  at  every  instant  to  have  a  tendency  to  move 
towards  an  instantaneous  position  of  equilibrium  which  is  a 
normal  to  her  "  efiective  wave  slope ;"  but  in  the  determina- 

Q  2 
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tiou   erf'   tLi»*   eRWrtJTf-   idape    icir  lan^itodiiuJ 
greater  diiiiciLLti^  an*  nie^.nnrterEfd  tkm  in  the  ornilir  pio- 
blem  for  r^Alixk^    One  titjing.  LcKvexes;  is  eridenl,  even  m 
the  case  w  h«:Te  the  ksigth  <A  the  vsre  i«  great  as  oompued 
with  that  of  the  thip,  riz.  that  the  ^be^fpit&Bs  of  the  efieedipe 
«lo»]K:;  wilJ  }^  much  les^  thaxi  the  maxiiDizin  slope  of  the 
Uj}jjfir  *^uriwi^^  \jfAh  beeaose  of  the  ksogth  akoig  the  wmve 
whk'h  the  «hip  oeenpiee  and  of  the  depth  to  vhicfa  fihe  is 
immifrvfid  m  iL     Bcppofing  her  to  be  in  the  worst  poation, 
with  the  zoiddk;  of  her  length  at  the  steiejiest  indination  of 
iii^  ware,  the  ah/ye  of  the  e^or&ce  to  the  horuon,  at  the 
pla/T^^  'xy^pi^  bj  the  bow  and  stem,  will  be  mndi  leas  than 
tb';  fjxaxiioQzn  ^k^K; ;  and,  farther,  as  remarked  pievionaly, 
all  fftjl^urfa4>e  trochoids  in  the  wave  are  leas  steep  than  the 
njffftfr  wnrthf:fi.    The  etkctixe  slope  has  to  be  the  resultant 
t4  i\ittmt  varying  conditions,  and  must  therefore  be  much  leas 
nie^fp  tfian  the  maximum  surfEiee  slope.    But  even  accepting 
thin  CTiriclusirm,  and  assuming  an  effective  slope,  no  prac- 
tical dcflactions  of  importance  have  yet  been  drawn  frcnn 
thiH  mctho<]  r/f  viewing  the  question,  beyond  those  obtained 
from   general  considerations,  and  stated  in  the  preceding 
summary. 

It  has  been  asserted  that  in  large  ships  extreme  pitching 
is  not  likely  to  occur;  but  it  must  be  noted  that  eyen 
mrxlcratc  angles  of  pitching  lead  to  very  considerable  linear 
motions  at  the  extremities  of  a  long  ship.  For  example,  in 
the  trials  off  Berehaven  with  the  Devastation,  Agineourt,  and 
StUlan,  it  is  reported  that  the  Sultan  on  one  occasion  pitched 
so  that  the  bow  appeared  buried  very  deeply  in  the  wave, 
antl  observers  on  the  deck  of  the  Devastation  could  not 
determine  whether  the  sea  broke  over  the  forecastle,  which 
is  some  30  feet  above  water  when  the  ship  is  at  rest  in 
itill  water.  Very  similar  remarks  were  made  on  another 
occasion  respecting  the  Agincourt,  For  each  degree  of 
inclination  from  the  upright,  however,  a  point  on  the  bow 
of  the  Agincourt  would  move  vertically  nearly  4  feet,  and 
on  the  bow  of  the  SuUan    about    3   feet;    so  that 
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very  moderate  angles  of  inclination   in  still  water  would 
suflSce  to  bring  the  forecastle   deck  close  to  the   water- 
level.    Amongst  waves,  with  their  varying  slopes  into  which 
the  bow  of  a  ship  plunges,  much  more  moderate  inclinations 
might  produce  the  same  apparent  effect.     For  example,  the 
Devastation  and  Agincourt  were  tried  steaming  head-on  to 
waves  from  400  to  650  feet  long  and  from  20  to  26  feet 
high,  the  speed  of  the  ships  being  about  7  knots  per  hour. 
The  periods  of  these  waves  varied  from  9  to  11  seconds; 
their  maximum  slopes,  from   7^  to  9  degrees.    Allowing 
for  the  speed  of  the  ships,  the  apparent  periods  of  the 
waves  varied  from  7  to  9  seconds,  giving  apparent  half- 
periods    which   probably    approximated  to  equality    with 
the  natural  period  (for  a  single  oscillation  longitudinally) 
of  the  ships.     It  was  a  case,  therefore,  where  the  conditions 
were  conducive  to  heavy  pitching,  and  the  results  of  the 
observations  are  interesting.     The  total  arcs  of  oscillation 
for  the  Devastation  were,  on  an  average,  8  degrees  only, 
that  is,  about  4  degrees  on  either  side  of  the  upright,  or 
about  one-half  the  maximum  slope  of  the  surface  of  the 
waves ;  the  maximum  arc  of  oscillation  was  rather  less  than 
12  degrees,  about  6  degrees  on  either  side  of  the  upright, 
about  three-fourths   the   maximum  slope   of   the   surface. 
The  Agincourt  pitched  through  rather  smaller  arcs  than  the 
Devastation,  but,  supposing  her  motion  to  have  reached  the 
same  maximum,  the  bow  would  have  been  immersed  in  still 
water  about  20  feet  below  its  normal  draught ;  yet  we  are 
assured  that  a  sea  broke  over  the  forecastle,  which  is  some 
10  feet  higher  above  still  water,  a  circumstance  which  is 
attributable    to   the    bow    having   been    plunged  into    an 
advancing  wave  slope.     These  facts  are  mentioned  in  order 
to  enforce  the  desirability  of  taking  all  possible  precautious 
in   estimating   the   extent   of  pitching;    so    many  of  the 
attendant  circumstances  tending  to  exaggerate  the  apparent 
motion,  and  to  deceive  the  observer  unless  he  has  recourse 
to  actual  measurement  of  the  angular  motion.    Observations 
of  pitching  and  'sccnding  of  a  trustworthy  character  arc  as 
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yet  not  very  numerous ;  but  the  Admiralty  instructions 
provide  for  such  observations  to  be  made  when  favourable 
opportunities  present  themselves,  and  it  is  therefore  probable 
that  this  branch  of  the  subject  of  the  behaviour  of  ships 
at  sea  may  before  long  receive  considerable  extensions. 

Fluid  resistance  is  known  to  play  an  important  part,  as 
already  stated,  in  limiting  the  range  of  pitching  oscillations ; 
but  the  naval  architect  has  not  the  same  control  over  this 
feature  as  he  possesses  in  connection  with  rolling  motions. 
It  would  be  difficult  to  fit  any  appendages  equivalent  to 
bilge-keels  in  order  to  increase  the  resistance  to  longitu- 
dinal oscillations ;  and  the  under-water  forms  of  ships  are 
settled  mainly  with  reference  to  their  efficient  propulsion, 
the  effects  of  form  on  pitching  usually  occupying  a 
subordinate  place.  Attempts  have  been  made,  however, 
to  improve  the  forms  of  the  bows  of  the  ships  in  order 
to  lessen  pitching;  and  very  diverse  opinions  have  been 
expressed  as  to  the  best  form  that  can  be  adopted. 
Many  persons  are  in  favour  of  V-shaped  or  "  flaring  ** 
cross-sections ;  the  out-of-water  parts  having  a  large  volume 
as  compared  with  the  immersed  part  lying  beneath  them. 
Others,  including  Mr.  Reed  (late  Chief  Constructor  of  the 
Navy),  have  strongly  objected  to  flaring  bows,  and  have 
introduced  U-shaped  cross-sections,  with  the  view  of  re- 
ducing pitching,  as  well  as  of  reducing  the  excess  of 
weight  over  buoyancy  at  the  bow.*  Mr.  Beed  smns 
up  his  reasons  for  prefering  the  U  form  to  the  V  form  of 
cross- section  as  follows : — "  First,  it  increases  the  buoyancy 
**  towards  the  bow,  and  even  in  still  water  reduces  the  ten- 
"  dency  of  the  heavy  bow  to  break  itself  off  or  to  bend  the  ship 
"  longitudinally ;  and,  secondly,  the  bluff  vertical  sections 
"  encounter  greater  upward  resistance  than  the  V-shaped 
**  sections  when  the  ship  tends  to  plunge  down  through  the 
"  water,  and  receive  a  greater  lifting  effect  when  the  sea  tends 


*  See  farther  oq  the  last-named  subject  the  remarks  in  Chapter  Vlli. 
pS8e261. 
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*'  to  rise  up  under  the  ship."  *  The  adoption  of  pronounced 
U-shaped  sections  for  the  bow  has  not  become  general,  nor 
does  it  appear  likely  to  do  so,  other  considerations  leading 
most  naval  architects  to  prefer  finer  under-water  forms ;  but 
the  use  of  flaring  sections  above  water  is  now  less  common 
than  it  was  formerly,  and  naval  architects  agree  that  they 
are  undesirable  except  in  special  cases,  as,  for  example,  where 
room  is  required  at  the  bow  to  work  a  chase  gun  on  the 
upper  deck. 

Pitching  oscillations  are  likely  to  be  more  sustained,  even 
if  they  are  not  made  more  extensive,  when  heavy  weights — 
such  as  gun3  or  cargo — are  carried  far  forward  or  aft.  This 
is  a  matter  of  common  experience,  as  well  as  a  condition 
which  theory  would  predict.  Carrying  heavy  weights  near 
the  bow  and  stern  instead  of  nearer  amidships  adds  to  the 
moment  of  inertia  of  the  ship;  this  increase  leads  to  a 
somewhat  longer  period  of  oscillation  for  pitching,  but 
the  change  is  scarcely  such  as  might  be  expected  to  exercise 
a  notable  influence  on  the  behaviour  of  most  ships,  seeing 
that  the  periods  of  the  waves  which  would  produce  con- 
siderable pitching  are  likely  to  be  large  as  compared  even 
with  the  altered  period  for  pitching.  On  the  other  hand, 
the  increased  moment  of  inertia,  while  it  opposes  greater 
resistance  to  motion  being  impressed  on  the  ship,  when 
once  that  motion  has  been  set  up  acts  against  the  fluid 
resistance,  and  tends  to  maintain  the  motion.  A  similar 
condition  has  already  been  discussed  for  the  roUing  motion 
of  ships,  so  that  nothing  more  need  be  added. 

Vessels  of  low  freeboard  are  subjected  to  deck  resiststnce 
when  pitching  among  waves ;  and  the  Devastation  furnishes 
an  excellent  example  of  this  action.  When  on  trial  off  the 
Irish  coast,  and  steaming  head  to  sea  at  moderate  speeds, 


♦  NavcU  Science,  No.  12,  imge  55.  Salamis,'*  in  vol.  vii.  of  the  Traris- 

llie  reader  may  also  consult  on  this  actions  of  the  Institution  of  Naval 

sabjoct  a  paper,  by  Dr.  WooUey,  Architects. 
**  On  the  Bows  of  the   Helicon  and 
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wares  broke  over  the  fore  part  of  the  dech,  as  it  was  antici- 
pated they  woold  do  under  these  circnmHtancea.  the  fittings 
on  this  deck  having  been  designed  to  exclude  hxsa.  the  intraitw 
water  lodging  upon  it.  An  eye-witness,  desciibiiig  her  motLcni, 
aaya  : — "  It  invariably  hi^pened  that  the  seas  btoke  opon  her 
"  during  the  upward  joomey  of  the  bow ;  and  there  is  no 
"  donbt  that  to  this  £act  her  moderate  pitching  was  mainly  doe, 
"  as  the  weight  of  water  oa  the  forecastle  deck,  during  the 
"  abort  period  it  remained  there,  acted  as  a  retarding  Gsrce, 
"  preventing  the  bow  from  lifting  as  high  as  it  otherwise 
"  wonid,  and  this,  of  conise,  limited  the  succeeding  pitch,  and 
"  ao  on."  In  American  monitors,  with  their  exceptionally  small 
freeboard,  this  kind  of  action  woold  be  even  more  effective, 
were  it  not  for  the  fact,  that  their  natural  periods  for 
pitching  oscillations  are  probably  ao  small  as  to  make 
them  capable  of  accompanying  very  closely  the  motions  of 
anch  waves  as  would  produce  considerable  pitching  in  the 
monitors."  Under-water  projections,  like  the  spur-bows 
of  ironclad  rams,  may  also  produce  some  limitation  of 
pitching  and  'scending  by  creating  additional  resistance; 
and  are  said  to  have  actually  done  so  in  reports  on  French 
ships.  But  these  are  cases  of  comparatively  unfreqnent 
occarrence,  and  are  interesting  chiefly  as  instances  of  the 
effect  of  fluid  resistance  in  limiting  the  pitching  motions  of 
ships  which  immerse  or  emerge  their  decks.  In  ordinary 
ships  the  decks  are  much  higher,  and  the  longitudinal 
oscillations  rarely  acf^uire  anch  a  magnitade  as  to  immetse 
the  decks  considerably. 

finally,  on  this  part  of  the  subject,  it  may  be  well  to 


k 


*  Ht.  Fox  (auiatant    Mcretary  "  [ireTcot  firing  ihe  gmis  diiectlj 

of  the  United  Slates  navy),  report-  "ahead."  This  confirms  tlieojiiDion 

log  on  the  behsTionr  of  the  Jftan-  that  these  vessels  ntuve  so  quickly 

fanomoA,   head  to  sea  in  a  heavy  as  to  very  nearly  accomgiaDy   the 

Atlantic   atorm,  said,  "She    takes  wave   slope;    their   actnai   arcs   of 

OT«r  abont  4  feet  of  aotid  water,  oecillatioD  in  pitching  being  con- 

"  which  is  broken  up  as  it  sweeps  siderabte,  and  uccuratc  practice  with 

''•long  the  deck,  and  after  reaching  the  guns  in  the  line  uf  keel  being 

'Ow  ttinet  j>  too  much  spent  to  impossible. 
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remark  that  the  actual  period  observed  for  pitching  motions 
is  not  to  be  taken  as  equal  to  the  natural  period.  In  the 
case  of  rolling,  a  similar  distinction  of  periods  has  been 
explained,  and  what  was  there  said  applies  here  also.  In 
all  probability,  the  result  of  more  extended  observations 
will  show  that  the  periods  of  the  waves  which  are  capable  of 
producing  considerable  pitching  motions  practically  deter- 
mine the  observed  periods  of  pitching,  the  natural  period 
being  mastered  by  the  wave  period  just  as  it  is  in  the  case 
of  ^'  permanent "  rolling  discussed  in  the  earlier  part  of  this 
chapter. 
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CHAPTER  VIL 

METHODS  OF  OBSERVING  THE  ROLLING  AND  PITCHING  MOTIONS 

OP   SHIPS. 

Enough  has  been  said  in  previous  pages  to  show  how  variabley 
and  how  liable  to  mislead  an  observer,  are  the  conditions 
surrounding  the  behaviour  of  a  ship  at  sea.  The  ship, 
herself  in  motion,  is  surrounded  by  water  also  in  motion ; 
and  it  is  extremely  difficult,  by  means  of  unaided  personal 
observation,  to  determine  even  so  apparently  simple  a  matter 
as  the  position  of  the  true  vertical  at  any  instant.  To 
estimate  correctly  the  angles  through  which  a  ship  may  be 
rolling  or  pitching,  it  is  therefore  necessary  to  bring  apparatus 
of  some  kind  into  action ;  and  in  the  use  of  such  apparatus 
there  are  many  sources  of  possible  error  which  must  be 
prevented  from  coming  into  operation.  Upon  the  correct- 
ness of  these  observations  we  are  greatly  dependent, 
since  deductions  from  theory  are  thus  checked,  and  the 
extent  to  which  they  can  be  made  a  safe  guide  for  the  naval 
architect  in  designing  new  ships  is  ascertained.  Numerous 
examples  illustrating  the  substantial  agreement  of  observa- 
tion with  the  chief  deductions  from  theory  have  been  given 
in  the  previous  chapter;  but  up  to  the  present  time  the 
comparison  has  been  mainly  of  a  qualitative  character,  and 
before  more  exact  results  are  obtained,  it  will  be  necessary 
to  have  compiled  and  collated  much  more  exact  and  extensive 
records  than  are  at  present  accessible. 

The  chief  problem  to  be  solved  is  this.    What  are  the 
conditions  of  wave  motion  that  will  produce  the  maximum 
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oscillation  in  a  ship,  of  which  the  still-water  period  of  oscilla- 
tion as  well  as  the  coefficients  of  resistance  are  known ;  and 
what  wiU  be  the  range  of  that  maximum  oscillation  ?  Or, 
it  may  be  desirable  to  ascertain  generally  what  extent  of 
motion  will  be  impressed  upon  a  ship  by  a  series  of  waves 
of  certain  assumed  dimensions.  Pure  theory  will  not  be 
likely  to  supply  correct  answers  to  these  questions;  but 
the  conclusions  of  theory,  being  correct  as  to  the  character 
of  the  motion  established,  may  be  modiOed  as  to  the  eosterU 
of  the  motion  by  recorded  observations  of  the  behaviour  of 
ships  amongst  waves  of  which  the  particulars  have  also 
been  observed.  To  do  this  in  a  satisfactory  manner,  many 
observations  will,  as  was  said,  be  required ;  and  the  freer 
individual  observations  are  from  errors,  the  more  certain 
will  be  the  process  of  modification.  Methods  of  observing 
correctly  the  lengths,  heights,  and  periods  of  waves  have 
been  described  in  detail  in  Chapter  Y. ;  and  it  is  now 
proposed  to  sketch  the  methods  which  have  been  adopted 
at  various  times  for  observing  the  rolling  and  pitching 
oscillations  of  ships. 

Of  these  methods,  the  following  are  the  most  important : — 

(1)  The  use  of  pendulums,  with  various  forms  of  clino- 
meters ;  these  pendulums  having  periods  of  oscillation  which 
are  very  short  as  compared  with  the  periods  of  the  ships. 

(2)  The  use  of  gyroscopic  apparatus. 

(3)  The  use  of  "  batten  "  instruments. 

(4)  The  use  of  automatic  apparatus,  such  as  that  em- 
ployed by  Mr.  Froude  on  board  the  Devastaiion. 

Taking  these  in  the  order  they  have  been  named,  it  may 
be  well  to  glance  at  their  chief  features,  and  to  indicate  the 
probable  correctness  or  otherwise  of  their  records. 

Pendulums,  or  clinometers,  are  the  simplest  instruments, 
but  they  are  not  trustworthy  indicators  of  the  angles  of 
inclination  attained  by  a  ship  when  rolling  in  still  water, 
and  much  less  of  those  moved  through  by  a  ship  rolling  or 
pitching  at  sea.  When  a  ship  is  held  at  a  steady  angle 
of  heel  (for  example,  as  shown  by  Fig.  30,  page  64),  a 
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pendulum  suspended  in  her  will  hang  vertically,  no  matter 
where  its  point  of  suspension  may  be  placed,  and   will 
indicate  the  angle  of  heel  correctly.    The  only  force  then 
acting  upon  the  pendulum  is  its  weight,  i.e.  tlie  directive 
force  of  gravity,  the  line  of  action  being  vertical.     But  when, 
insteiid  of  being  steadily  inclined,  the  ship  is  made  to 
oscillate  in  still  water,  she  will  turn  about  an  axis,  passing 
through  or  very  near  to  the  centre  of  gravity  ;*  hence  every 
point  not  lying  in  the  axis  of  rotation  will  be  subjected  to 
angular  accelerations,  similar  to  those  which  were  described 
at  {)age  107  for  a  simple  pendulum.     Supposing  the  point  of 
suspension  of  the  clinometer  to  be  either  above  or  below  the 
axis  of  rotation,  it  will  be  subjected  to  these  accelerating 
forces,  as  well  as  to  the  directive  force  of  gravity,  and  at 
each  instant,  instead  of  placing  itself  vertically,  the  clino- 
meter, or  pendulum,  will  tend  to  assume  a  position  determined 
by  the  resultant  of  gravity  and  the  accelerating  force.     As 
the  period  of  the  pendulums  used  is  short  as  compared  with 
the  period  of  the  ship,  the  position  towards  which  it  tends 
to  move  will  probably  •  be  reached  very  nearly  at  each 
instant    The  case  is,  in  fact,  similar  to  that  represented 
in  Fig.  71,  page  203.    If  the  length  of  the  upper  pendulum 
(AB)   is  supposed    to    represent   the    distance    firom   the 
axis  of  rotation  of  the  ship  to  the  point  of  suspension  of 
the  pendulum  which  is  intended  to  denote  her  inclinations, 
the  clinometer  pendulum  may  be  represented  by  BC.     As 
AB  sways  firom  side  to  side,  the  point  B  is  subjected  to 
angular  accelemtions,  and  these  must  be  compoundeii  with 
gravity  in  order  to  determine  the  position  which  BC  will  • 
assume;  for  obviously  BC  will  no  longer  hang  verticallT. 
The  angular  accelerating  force  reaches  its  maximum  wkeii 
the  extremity  of  an  oscillation  is  reached,  consequently  it 
is  at  that  position  that  the  clinometer  wiU  depart  ftuthesl 
frv>m  the  vertical   position.     In  Fig.  71,  supjx^se  VAB  to 
mark  the  extreme  angle  of  inclination  rt^^cheil  by  the  skip. 
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and  let  AB  be  produced  to  D :  then,  to  an  observer  on  board, 
the  angle  CBD  will  represent  the  excess  of  the  apparent 
inclination  of  the  ship  to  the  vertical  above  the  true  in- 
clination. 

It  will  be  seen  that  the  linear  acceleration  of  the  point 
of  suspension  B  depends  upon  its  distance  from  the  axis  of 
rotation  A  in  Fig.  71.  If  B  coincides  with  the  axis  of  rota- 
tion,  it  is  subjected  to  no  accelerating  forces,  and  a  quick- 
moving  pendulum  hung  very  near  to  the  height  of  the  centre 
of  gravity  of  a  ship  rolling  in  still  water  will,  therefore,  hang 
vertically,  or  nearly  so,  during  the  motion,  indicating  with 
very  close  approximation  the  true  angles  of  inclination. 
Hence  this  valuable  practical  rule :  when  a  ship  b  rolling 
in  still  water,  if  a  pendulum  is  used  to  note  the  angles  of 
inclination,  it  should  be  hung  at  the  height  of  the  centre  of 
gravity  of  the  ship  ;  for  if  hung  above  or  below  that  position, 
it  will  indicate  greater  angles  than  are  really  rolled  through, 
the  error  of  the  indications  increasing  with  the  distance  of 
the  point  of  suspension  from  the  axis  of  rotation  and  the 
rapidity  of  the  rolling  motion  of  the  ship. 

The  errors  of  the  pendulum  indications  for  still-water 
oscillations  may  be  approximately  estimated  from  the 
following  formula,  which  was  proposed  by  Mr.  Froude : — 

Let  a  =  true  angle  of  inclination  reached  by  the  ship ; 

/3  =  apparent  angle  of  inclination  indicated  by  the 
pendulum ; 

T  =  period  of  oscillation  (in  seconds)  for  the  ship ; 

h  =  the  distance  of  the  point  of  suspension  of  the  pen- 
dulum above  the  centre  of  gravity  of  the  ship : 

m.  3-27  T'         a 

Then  a^^-,^-^xfi. 

If,  instead  of  3*27,  we  write  3^,  this  takes  the  approximate 

10  T* 

which  will  be  sufficiently  near  for  practical  purposes. 

Take  one  or  two  simple  illustrative  examples.     For  the 
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Prince  Consort  T  =  5 J  seconds ;    and  h  may  be  taken   as 
20  feet,  if  the  pendulum  were  placed  on  the  bridge. 


Then 


a  10  T^  300         5 


$     10T^  +  3A"300  +  t)0     6' 


or  ^"e'^' 

and  the  pendulum  increases  the  true  angle  of  heel  by 
no  less  than  20  per  cent.  In  the  Devastation  a  pendulum 
placed  on  the  flying  deck  may  be  taken  as  25  feet  above 
water ;  also  T  =  6|  seconds. 

rpu^n    « 10x(6|)^         _      450      _450_6. 

/8     10x(6|)*+3x25~45U  +  75~525     7' 

Here  the  pendulum  indications  exaggerate  the  true  angles 
of  inclination  by  about  16  per  cent. ;  notwithstanding  the 
greater  height  of  the  point  of  suspension  above  the  centre 
of  gravity,  the  slower  motion  of  the  Devastation  makes  ike 
error  smaller  than  in  the  Prince  Consort. 

So  much  for  the  simple  case  of  still-water  oscillations. 
When  we  turn  to  the  more  complicated  case  of  a  ship 
oscillating  amongst  waves,  there  are  good  reasons  for 
supposing  that  the  errors  of  pendulum  observations  will  be 
exaggerated.  The  centre  of  gravity  of  the  ship  is  then,  as 
explained  in  the  preceding  chapter,  subjected  to  the  action 
of  horizontal  and  vertical  accelerating  forces.  If  the 
pendulum  were  hung  at  the  centre  of  gravity  (G)  of  the  ship 
shown  on  a  wave  in  Fig.  62,  page  153,  it  would,,  therefore, 
no  longer  maintain  a  truly  vertical  position  during  the 
oscillations,  but  would  assume  at  each  instant  a  position 
determined  by  the  resultant  of  the  accelerating  forces 
impressed  upon  it  and  of  gravity.  The  direction  of  this 
resultant  has  been  shown  to  coincide  with  that  of  the 
corresponding  normal  to  the  effective  wave  slope.*     Hence 
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follows  another  useful  practical  rule.  When  a  ship  is 
rolling  amongst  waves,  a  quick-moving  pendulum  suspended 
at  the  height  of  the  centre  of  gravity  will  place  itself 
normal  to  the  effective  wave  slope,  and  its  indications  will 
mark  the  successive  inclinations  of  the  masts  of  the  ship 
to  that  normal,  not  their  inclinations  to  the  true  vertical. 
This  distinction  is  a  very  important  one.  For  example,  in 
an  American  monitor,  supposing  her  to  keep  her  deck  very 
nearly  parallel  to  the  wave  slope  as  she  might  do,  if  a 
pendulum  were  hung  close  to  the  height  of  the  centre  of 
gravity,  it  would  indicate  little  or  no  rolling  motion; 
whereas  it  has  been  shown  that  the  monitor  would  really  be 
reaching  inclinations  equal  to  the  maximum  wave  slope  on 
each  side  of  the  vertical.*  On  the  other  hand,  if  a  steady 
ship,  such  as  the  Inconstani,  were  amongst  the  same  waves,  a 
pendulum  hung  at  the  centre  of  gravity  would  indicate 
extreme  angles  of  inclination  far  in  excess  of  the  true 
rolling ;  for  if  the  ship  remained  practically  upright  during 
the  passage  of  the  waves,  the  pendulum  would  indicate  angles 
of  inclination  nearly  equal  to  the  effective  wave  slope. 

When  hung  at  any  other  height  than  at  that  of  the 
centre  of  gravity  of  a  ship  rolling  amongst  waves,  the  in- 
dications of  a  pendulum  are  still  less  to  be 
trusted.  Referring  to  Fig.  73,  three  pen- 
dulums will  be  seen  combined,  viz.  AB,  to 
which  hangs  BC,  and  from  this  is  suspended 
a  third,  CD.  Supposing  AB  made  to  swing 
through  a  fixed  range,  it  will  represent 
the  wave  oscillation ;  then  the  motion  of 
BC  will  represent  the  oscillations  of  a 
ship  amongst  the  waves ;  and  finally  CD 
will  represent  the  clinometer-pendulum 
suspended  at  some  point  other  than  at  the 
height  of  the  centre  of  gravity  of  the  ship. 
In  view  of  what  has  been  said  above,  it  will  be  obvious  that 
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the  motions  of  the  pendulum  BC  will  not  be  indicated 
correctlj  by  the  pendolnm  CD  ;  yet  this  is  exactly  a 
parallel  case  to  that  when  a  pendulum  or  clinometer  is 
trusted  to  indicate  the  angles  of  inclination  to  the  Teitical 
of  a  ship  rolling  amongst  waves.  Pendulum  indicataons, 
under  these  circumstances^  usually  err  in  excess,  and  in 
some  cases  the  error  is  proportionately  rery  greats  as  the 
following  examples  will  show.  The  figures  are  tak^i  £rom 
published  returns  of  rolling  for  her  Majesty's  ships. 


Qt^.^                              Pendalum        Correei 
^    **•                          ;  IndicatioM.        Angles. 

Ijord  Warden 

Minotaur 

Belierophon 

11-4 
61 
8-2 
8*2 

91 

3-8 
4-3 
3 

Many  similar  examples  could  be  given,  but  they  appear 
unnecessary;  the  correct  angles  stated  in  the  table  were 
observed  in  all  cases  with  the  accurate  batten  instruments 
which  are  now  the  service  fitting. 

The  misleading  character  of  pendulum  observations  has 
been  for  many  years  acknowledged ;  and  they  are  no  longer 
made  in  ships  of  the  Boyal  Navy,  except  in  special  cases. 
When  the  horizon  is  obscured,  or  at  night,  batten  observations 
cannot  be  made,  while  pendulum  observations  can ;  and  it  is 
ordered  that  under  these  circumstances  the  rolling  indicated 
by  the  pendulums  shall  be  noted.  To  enable  the  results  so 
obtained  to  be  afterwards  corrected,  simultaneous  observa- 
tions are  made,  when  circumstances  permit,  of  the  indications 
of  these  same  pendulums  hung  in  the  same  positions,  and  of 
the  indications  of  batten  instruments. 

In  concluding  these  remarks  on  pendulum  observations,  it 
may  be  proper  to  add  that  any  other  devices,  such  as  spirit- 
levels,  depending  for  their  action  on  the  directive  force  of 
gravity  or  statical  conditions,  are  affected  by  the  motion  of 
a  ship  much  as  the  pendulum  has  been  shown  to  be  affected. 
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Suppose  ^  spirit-level  to  be  placed  in  the  best  possible 
position  in  a  ship,  at  the  height  of  the  centre  of  gravity ; 
in  accordance  with  the  principles  previously  explained, 
when  its  indications  would  lead  an  observer  to  think  it 
exactly  horizontal,  it  would  really  be  parallel  to  the 
effective  wave  slope.  Many  persons  who  admit  the  faulti^ 
ness  of  the  pendulum  are  disposed  to  cling  to  the  use  of 
the  level ;  but  on  reflection  it  will  be  seen  that  both 
instnmients  are  open  to  similar  objections.  Moreover,  the 
extreme  sensitiveness  and  rapid  motions  of  the  spirit-level 
make  it  ill  adapted  for  any  observations  in  a  seaway. 

Several  kinds  of  gyroscopic  instruments  have  been  devised 
for  the  purpose  of  measuring  rolling  and  pitching  motions^ 
all  of  them  being  based  upon  the  well-known  principle — ex- 
emplified in  the  toy  gyroscope — that  a  delicately  balanced 
heavy-rimmed  wheel  spinning  rapidly  will  maintain  the  plane 
of  rotation  in  which  it  is  set  spinning,  until  its  speed  of  rotation 
is  considerably  diminished.  One  of  the  earliest  and  best 
instruments  of  the  kind  is  illustrated  by  Fig.  74.  It  was 
devised  and  tried  at  sea  nearly  twenty  years  ago  by  Professor 
Piazzi  Smyth,  Astronomer  Royal  of  Scotland,  and  can  be 
used  to  measure  "  yawing  "  motions  as  well  as  rolling  and 
pitching.*  It  consists  of  a  fly-wheel  A,  the  axis  of  which 
forms  a  diameter  of  the  gymbal-ring  B;  this  is  carried 
by  a  second  gymbal-ring,  C,  the  pivots  of  which  rest  on  the 
frame  F ;  and  the  whole  is  mounted  in  an  outer  frame,  enabling 
it  to  be  easily  carried  or  placed  in  position.  Suppose  the 
pivots  of  the  ring  C  to  be  placed  athwartships  in  a  ship,  the 
instrument  standing  on  the  deck  or  on  a  table:  then  for 
transverse  oscillations  the  line-of-centres  of  the  pivots  will 
remain  parallel  to  the  deck — that  is  to  say,  so  far  as  rolling 
is  concerned,  the  ring  C  must  move  with  the  ship.  But  it  is 
free  to  oscillate  about  its  pivots  as  the  ship  pitches. 


*  See  the  description  given  by      Naval  Architects,  from   which  the 
the  inventor    in  vol.    iv.    of    the      drawing  is  taken. 
Trannadions  of  the  Institution  of 
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When  the  fly-wheel  A  is  spinning  rapidly  and  maintaiuiiig 
ite  plane  of  rotation,  it  is  practically  uninfluenced  by  the 
motions  of  the  ship  wliich  so  largely  aSect  the  pendulum  ; 
and  as  its  axis  is  carried  by  the  ring  B,  that  nog  aleo  must 


J 


maintain  its  position.  This  maintenance  of  position  by  B 
further  involves  the  non-perfonnance  of  any  oscillationa  by 
C  except  in  the  (rarwzwrse  sense.  In  other  word?,  neither 
A  nor  B  changes  the  direction  of  its  plane,  while  the 
ship  rolls  and  pitches,  so  long  as  A  spins  rapidly ;  while 
C  can  apcomj)any  the  rolling  motion,  but  not  the  pitching 
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motion.  Hence  the  graduated  semicircle  E,  shown  fixed 
upon  and  across  C,  moves  relatively  to  B  as  the  ship 
rolls ;  and  the  pointer  attached  to  the  upper  edge  of  B 
sweeps  over  an  arc  on  the  semicircle  equal  to  the  arc 
through  which  the  ship  is  oscillating.  On  the  left-hand 
side  of  the  diagram  there  is  shown  a  graduated  circle  G, 
which  has  its  centre  coincident  with  one  of  the  pivots  of  C, 
and  is  /«ed  to  the  frame  F.  As  the  ship  pitches,  therefore, 
the  frame  F  moves  with  her,  and  oscillates  about  the  ring  C, 
which  is  prevented  from  accompanying  the  pitching  in  the 
manner  described.  Pointers  marked  'p  are  attached  to  the 
under  side  of  C,  and  the  arcs  they  sweep  over  upon  the 
graduated  circle  G  indicate  the  arcs  through  which  the  ship 
pitches.  By  this  ingenious  arrangement  the  simultaneous 
rolling  and  pitching  motions  can  be  read  off  by  observers 
with  the  greatest  ease. 

One  point  of  disadvantage  attaching  to  this  as  well  as  to  all 
other  gyroscopic  instruments  should,  however,  be  noted ;  viz. 
that  there  is  no  separate  indication  of  the  angles  of  inclination 
attained  on  either  side  of  the  vertical.  When  the  wheel  A 
is  set  spinning,  if  it  were  truly  horizontal,  then  B  would  be 
vertical,  and  this  disadvantage  would  disappear.  But  a  ship 
in  a  seaway  changes  its  position  rapidly,  and  it  is  practically 
impossible  to  secure  this  condition  of  initial  horizontality ; 
hence  the  observer  must  be  content  to  note  the  iotal  arcs 
of  oscillation.  No  doubt,  in  most  cases,  the  rolling  of  a  ship 
not  under  sail  approaches  equal  inclinations  on  either  side  of 
the  vertical,  the  roll  to  leeward  being  somewhat  in  excess  of 
that  to  windward ;  but  in  a  ship  under  sail  the  rolling  takes 
place  about  an  inclined  position,  and  in  any  case  it  is  a  great 
advantage  to  be  able  to  ascertain  the  extreme  inclination  on 
either  side  of  the  vertical. 

Professor  Smyth  fully  appreciated  this  defect  of  all 
gyroscopic  instruments,  observing  that  they  had  "  no  power 
"  of  determining  absolute  inclination,  or  angular  position  with 
"  reference  to  horizon  or  meridian;"  but  he  was  unacquainted 
with  any  other  instrument  which  did  not  have  its  records 

R  2 
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affected  by  the  accelerating  forces  due  to  the  motion  of  the 
ship,  and  so  preferred  the  gyroscopic  clinometer.  Now  we 
have  other  means  of  measurement  free  from  the  objections 
belonging  to  pendulums  or  spirit-levels,  and  tan  therefore 
afford  to  dispense  with  the  gyroscope. 

It  has  been  mentioned  that  the  maintenance  of  the  plane 
of  rotation  by  a  fly-wheel  depends  upon  the  maintenance  of 
its  speed ;  this  is  well  illustrated  in  the  common  toy,  which 
droops  as  the  speed  decreases.  The  practical  difiiculties 
attending  the  use  of  these  instruments  arise,  therefore,  from 
the  extreme  care  required  in  suspending  the  fly-wheels  in 
order  that  friction  or  other  causes  may  have  the  least  effect 
in  hindering  free  rotation,  and  in  the  difficulty  of  maintaining . 
continuous  rotation.  The  instrument  shown  in  Fig.  74  is 
said  to  have  been  so  well  designed  that,  when  once  carefully 
adjusted,  it  did  not  require  readjustment  for  some  time ;  but 
from  the  few  records  of  its  use  that  have  been  published,  it 
would  appear  that  Professor  Smyth  limited  any  single  series 
of  observations  to  a  very  brief  period.  When  a  considerable 
time  is  occupied  in  making  the  observations,  there  is  a  danger 
of  the  gyroscopic  action  being  somewhat  interfered  with  by 
the  loss  of  speed  of  rotation.* 

On  this  point  some  interesting  facts  have  been  stated  by 
Admiral  Paris,  of  the  French  navy,  who  produced  a  gyroscopic 
clinometer  ten  years  ago,  which  automatically  recorded  the 
rolling  of  a  ship.  The  gyroscopic  wheel  in  this  instrument 
formed  the  body  of  a  top,  the  lower  end  of  the  axis  about 
which  it  spim  being  wrought  to  a  sharp  point,  and  resting  on 
an  agate  bearing  in  order  to  diminish  friction.  To  spin  this 
top,  a  string  was  wound  round  the  upper  part  of  the  axis,  and 
drawn  off  gradually,  giving  a  gradually  accelerated  motion 
of  rotation.     It  was  found  that  this  top  would  revolve  steadily 


*  It  may  be  interesting  to  add  line;   the  frame  lying  on  its  side 

that,  when  the  instrument  illustrated  instead  of  its  bottom,  and  the  wheel 

in  Fig.   74  was  used  to  measure  B  being  horizontal.    The  angles  of 

**  yawing,"  it  was  placed  with  the  **  yawing "  could  then  be  r^d  off 

pivots  of  the  ring  C  in  a  vertical  on  the  graduated  circle  G. 
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on  a  support  for  about  half  an  hour ;  but  nine  minutes  sufficed 
to  degrade  its  revolutions  from  23  per  second  to  12  per  second ; 
and  this  lower  speed  sufficed  to  make  the  top  steady  enough 
to  be  used  for  recording  the  motion  of  a  ship  in  a  seaway ;  the 
observations  were  usually  extended  over  about  ten  minutes. 

The  automatic  recording  apparatus  was  extremely  simple. 
As  the  ship  rolled, thegyroscopic  top  maintained  its  axis  in  the 
same  direction  as  that  in  which  it  was  set  spinning,  and  upon 
the  upper  end  of  the  axis  a  camel-hair  pencil  saturated  with 
ink  was  fixed.  A  sheet  of  paper  was  made,  by  means  of  clock- 
work, to  travel  longitudinally  over  the  pencil-point,  being 
curved  in  the  transverse  sense,  so  that  the  point  should  just 
touch  the  paper  as  it  swayed  to  and  fro.  The  paper,  with  the 
arrangements  by  which  it  was  made  to  travel,  being  attached 
to  the  ship,  rolled  with  her,  while  the  axis  of  the  top  main- 
tained its  original  direction ;  hence  the  pencil-point  traced 
out  on  the  paper  a  curve  showing  the  inclinations  of  the  ship 
at  any  instant  on  either  side  of  the  initial  position  of  the 
pencil.  The  rate  at  which  the  clockwork  propelled  the  sheet 
of  paper  being  constant  enabled  the  period  of  oscillation  of 
the  ship,  as  well  hs  the  arc  of  oscillation,  to  be  read  off  Irom 
the  diagram  traced.  Admiral  Paris  appears  to  have  en- 
deavoured to  set  the  axis  of  his  top  truly  vertical  before 
commencing  to  record  the  motion,  in  order  that  the  diagram 
might  show  inclinations  to  the  vertical  as  well  as  arcs  of 
oscillation ;  but  in  doing  this,  he  must  have  encountered  con- 
siderable difficulties,  even  if  he  was  successful.  We  cannot 
further  describe  his  ingenious  arrangements,  but  would  refer 
readers  to  the  full  details  given  in  vol.  viii.  of  the  TranmdiofnA 
of  the  Institution  of  Naval  Architects. 

M.  Normand  has  proposed  an  instrument  for  measuring 
rolling  differing  from  the  gyroscope  in  principle,  but  intended 
to  effect  a  similar  object,  viz.  the  maintenance  of  an  invariable 
plane,  to  which  the  motions  of  the  ship  could  be  referred. 
A  spherical  vessel  is  entirely  filled  with  petroleum,  and  hung 
on  double  gymbal-rings  like  a  compass.  It  contains  a  very 
light  pendulum,  situated  at  the  centre  of  the  sphere,  and 
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formed  as  a  Hat  disc,  carrying  a  pointer  which  stands  at  right 
angles  to  the  disc.  The  inventor  snpi^oses  that  the  fluid  in 
the  central  parts  of  the  sphere  would  have  no  angular  motion 
set  up  in  it  by  the  rec*iprocating  oscillations  of  the  ship  or 
the  small  oscillations  of  the  sphere  on  its  gymbal-rings,  and 
that  the  pendulum  would  remain  practically  horizontal  while 
the  vessel  rolled,  its  indicator  being  verticaL  Much  would 
obviously  depend  upon  the  position  in  the  ship  at  which  this 
instrument  was  place<l.  Supposing  it  to  be  at  the  centre  of 
gravity,  M.  Normand's  supposition  might  be  nearly  fulfilled, 
and  the  sphere  with  its  contents  would  act  like  a  common 
pendulum,  its  motions  bein«r  governed  by  those  of  the  effective 
wave  slope,  and  keeping  time  with  the  wave  period.  Under 
these  circumstances  it  is  conceivable  that  the  motions  of  the 
disc-pendulum  might  be  small,  and  the  motions  of  the  ship 
might  be  fairly  well  indicated.  But  the  use  of  any  such 
instrument  has  never,  we  believe,  found  general  favour ;  for 
general  service  simpler  methods  sufBce,  and  for  more  scien- 
tific research  it  appears  preferable  to  have  recourse  to  a 
different  principle,  hereafter  to  be  described,  in  order  to 
secure  tlie  invariable  vertical  line  of  reference  \^hich  M. 
Normand  aimed  at  securing.* 

Batten  instruments  afford  the  simplest  correct  means  of 
obser\4ng  the  oscillations  of  ships ;  they  can  be  employed 
whenever  the  horizon  can  be  sighted.  The  line  of  sight 
from  the  eye  of  an  observer  standing  on  the  deck  of  a  ship 
to  the  distant  horizon  will  always  remain  practically  hori- 
zontal during  the  motion  of  the  ship.  Consequently,  if  a 
certain  position  be  chosen  at  which  the  eye  of  the  obeeirer 
will  always  be  placed,  and  when  the  ship  is  upright  and  at 
rest,  the  horizontal  line  passing  through  that  point  is  de- 
termined and  marked  in  some  way  ;  this  horizontal  line  can 
be  used  as  a  line  of  reference  when  the  ship  is  rolling  or 
pitching,  and  the  angle  it  makes  at  any  instant  with  th« 


*  Drawin«;8  anrl    descriptions   of    this    instrument  will   be    found    m 
vol.  vii.  of  the  Trntifiactwos  uf  the  In.^titution  of  Naval  Architects. 


CHAP.  VII.  OBSERVATIONS  OF  ROLLING.  247 


line  of  sight  will  indicate  the  inclination  of  her  masts  to 
the  vertical. 

This  principle  may  be  applied  in  different  ways ;  one  of  the 
most  common,  generally  adopted  in  the  ships  of  the  Boyal 
Navy,  is  illustrated  in  Fig.  75.  The  point  E  on  the  middle 
line  of  the  cross-section  marks  the  position  of  the  eye  of  the 
observer ;  and  at  equal  distances  athwartships,  two  battens 
CC  and  66  are  fixed  perpendicularly  to  the  deck,  so  that, 
when  the  ship  is  upright  and  at  rest,  these  battens  are 
vertical,  and  at  that  time  the  line  FEF  will  be  horizontal. 
This  line  may  be  termed  the  "  zero-line  " ;  and  the  points 
F,  F  would  be  marked  upon  the  battens,  being  at  a  height 
above  the  deck,  exceeding  that  of  the  point  E  by  an  amount 
determined  by  the  transverse  curvature  or  "  round  "  of  the 

riQ  75. 

fi-^ej  c                tmo  0/  Siqht 
/^^5C"7" — — 

(      /^"""/-^       Surf^Bum  qf  SOU  Vkaer 


deck.  Suppose  the  diagram  to  represent  the  case  of  a  ship 
rolling  among  waves;  when  she  has  reached  the  extreme 
of  an  oscillation  to  starboard,  E6  marks  the  line  of  sight 
to  the  horizon,  and  the  angle  6EF  measures  the  angle  of 
inclination  of  the  masts  to  the  vertical.  If  the  battens  are 
placed  longitudinally,  instead  of  transversely,  the  angular 
extent  of  pitching  may  be  similarly  measured.  The  angles 
are  usually  read  off  on  that  side  of  the  point  of  observation 
E  towards  which  the  vessel  is  inclined ;  rolls  to  starboard 
being  measured,  for  example,  on  the  starboard  battens, 
rolls  to  port  on  the  port  battens.  Sometimes  the  inclina- 
tions to  both  port  and  starboard  are  read  off  on  one  batten, 
above  and  below  the  zero.  It  is  a  great  practical  con- 
venience to  have  the  vertical  battens  graduated  so  that  an 
observer  can  at  once  read  off  and  note  down  the  angles  of 
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inclination  in  degrees.  This  graduation  is  very  simply 
effected  when  the  positions  of  the  battens  relatively  to  £ 
have  been  fixed,  and  the  zero-line  FEF  determined.  Once 
graduated,  the  battens  can,  of  course,  be  removed  when 
the  observations  are  not  in  progress,  and  replaced  in  the 
same  positions  when  required. 

In  graduating  the  vertical  battens,  the  following  table  of 
tangents  from  1  degree  to  40  degrees  of  inclination  may  be 
of  some  service  to  oflBcers  undertaking  the  work : — 


Angles. 

TangenU. 

Angles. 

Tangents. 

Degrees. 

Degrees. 

1 

0-017 

21 

0-384 

2 

0-035 

22 

0-404 

3 

0-052 

23 

0-424 

4 

0-07 

24 

0-445 

5 

0-087 

25 

0-466 

6 

0105 

26 

0-488 

7 

0  123 

27 

0-51 

8 

0141 

28 

0-532 

9 

0-158 

29 

0-564 

10 

0  176 

30 

0-577 

11 

0-194 

31 

0-601 

12 

0-213 

32 

0-626 

13 

0-231 

33 

0-649 

14 

0-249         ' 

34 

0-675 

16 

0-268        1 

35 

0-7 

16 

0-287 

36 

0-727 

17 

0-306        ' 

37 

0-754 

18 

0-325 

38 

0-781 

19 

0-344 

39 

0-81 

20 

0-3§4 

40 

0-839 

The  zero-line  on  the  battens  having  been  fixed  in  the 
manner  previously  explained,  the  horizontal  distance  £rom 
the  position  where  the  eye  of  the  observer  will  be  placed  to 
the  vertical  batten  is  measured ;  suppose  this  to  be  d  feet, 
it  will  be  indicated  by  EF  in  Figs.  75  and  76.  Then,  for  any 
angle  a,  we  have, 


Vertical  height  (FG)  to  be  set  off  above 
zero-line  on  batten 


=  (2  .  tan 
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The  value  of  tan  a  being  taken  from  the  table,  the  product 
A  tan  a  can  be  found.  For  instance,  suppose  d  =  20  feet,  and 
a  =  15  degrees :  tan  a 

=  0*268,  and  vertical  PIq  j^^ 

distance  (F6)  to  be 
set  above  zero-line 
will  be  (20x0-268) 
=  6-36  feet.  With 
this  table  and  the  ex- 
ample of  its  use,  the 
very  simple  process  of  graduation  can  present  no  diflS- 

culty. 
Another  form  of  the  batten  instrument  is  shown  in  Fig. 

77.  AB  is  a 
straight  -  edged 
batten  pivoted 
at  C,  and  car- 
ried by  a  frame 
having  attached 
to  it  a  semi- 
circular gra- 
duated arc.  Sup- 
pose that,  when 
the  ship  is  up- 
right and  at 
rest,  the  base  of  the  instrument  is  so  fixed  that  the 
pivoted  bar,  occupying  the  position  AB,  is  horizontal. 
Then  the  line  ACB  marks  the  zero-line  to  which  angles  of 
inclination  may  be  referred.  The  instrument  may,  if  desired, 
be  set  transversely  when  rolling  motions  are  being  ob- 
served ;  the  observer  looking  along  the  edge  of  the  pivoted 
batten  will  always  keep  it  pointed  to  the  horizon,  and  its 
motions  can  be  observed  on  the  graduated  arc.  For 
example,  suppose  the  position  FE  to  have  been  reached, 
then  the  angle  FOB  (a  little  over  20  degrees)  will 
indicate  the  inclination  of  the  masts  of  the  ship  to  the 
vertical  at  that  instant. 
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Instead  of  looking  lengthwise,  and  athwartships,  along 
the  edge  of  the  batten  when  the  instrument  is  set  trans- 
versely, the  observer  may,  if  he  prefers,  stand  before  or 
abaft  the  instrument,  and  move  the  pivoted  bar  so  as  to  keep 
its  edge  always  parallel  to  the  horizon  ;  the  angular  motion 
of  the  bar  indicated  on  the  graduated  arc  will  measure 
the  inclination  as  before.  To  measure  pitching,  the  instru- 
ment should  be  set  longitudinally  in  the  ship,  the  zero- 
line  being  adjusted  as  explained  for  rolling;  and  the 
observer  will  either  look  longitudinally  along  the  edge  of 
the  batten,  in  order  to  keep  it  pointed  to  the  horizon,  or 
will  stand  and  look  athwartships,  keeping  the  edge  parallel 
to  the  horizon.  In  either  case  the  angles  of  pitching  may 
be  read  off  from  the  graduated  arc. 

It  will  at  once  occur  to  the  reader  that  the  angular 
motions  of  such  a  pivoted  bar  might  be  readily  made,  by 
means  of  suitable  mechanism  attached  to  some  point  on  the 
bar,  to  furnish  an  automatic  record  on  a  travelling  sheet  of 
paper  moved  at  an  uniform  speed  by  clockwork.  This  has 
actually  been  done  in  some  cases,  a  diagram  being  auto- 
matically traced,  showing  the  inclinations  of  the  ship 
throughout  the  period  of  observation.  Hereafter  the 
character  of  such  mechanism  will  be  illustrated,  so  that 
further  description  here  is  not  required. 

The  proper  conduct  of  observations  with  common  batten 
instruments  requires  at  least  two  observers  :  one  to  note  the 
extreme  angles  of  inclination  attained  by  the  ship,  a  second 
to  note  the  periods  of  successive  rolls.  In  the  Royal  Navy 
a  single  series  of  observations  would  last  ten  minutes,  and 
during  that  time  one  observer  would  have  to  note  the  extreme 
inclinations  for  from  seventy  to,  perhaps,  one  hundred  and 
fifty  or  two  hundred  single  rolls,  according  to  the  class  of 
ship  and  character  of  the  waves.*  The  other  observer  ¥roTildy 
meanwhile,  note  the  times  of  performing  successive  rolls, 


•  To  facilitate  the  entry  of  the  particulars,  printed  forms  are  issued  to  the 
ahiptt  of  the  Hoyal  Navy. 
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and  the  total  number  of  rolls  during  the  ten  minutes.  To 
complete  the  materials  required  for  a  discussion  of  the 
behaviour  of  the  ship,  the  dimensions  and  periods  of  the 
waves  ought  to  be  observed  simultaneously  with  the  rolling 
or  pitching ;  and  this  requires  the  attention  of  an  inde- 
pendent set  of  observers,  whose  work  should  be  conducted 
somewhat  in  the  manner  indicated  in  Chapter  IV.  In 
^  large  war-ves-^els  with  numerous  complements  it  is  easy 
to  carry  on  such  observations;  in  small  vessels  it  is  not 
always  easy  to  provide  for  the  working  of  the  ship  and  to 
detail  ofBcers  for  observations  of  rolling  and  pitching.  The 
most  important  observations  are,  however,  those  made  in 
large  ships  of  new  types. 

For  all  ordinary  purposes  batten  observations  of  rolling 
and  pitching,  such  as  are  made  in  the  Boyal  Navy,  sufBce ; 
but  they  require  the  simultaneous  attention  of  at  least  two 
observers,  and  depend  for  their  accuracy  upon  the  care 
exercised  by  these  gentlemen.  Moreover,  they  simply 
furnish  the  extreme  inclinations  attained  by  the  ship,  and 
the  period  of  her  oscillation ;  and  although  these  may 
be  associated  with  simultaneous  observations  of  the  waves, 
there  is  no  continuous  record  of  the  ratio  of  the  angle  of 
inclination  of  the  ship  to  the  angle  of  wave  slope.  More 
complete  information,  such  as  is  most  valuable  for  scientific 
purposes,  can  be  best  secured  by  means  of  automatic 
instruments,  the  records  of  which  may  be  made  continuously 
"during  prolonged  periods.  Such  instruments  require  care 
both  in  their  construction  and  management ;  but  if  they  are 
based  upon  correct  principles,  they  can  be,  and  have  been, 
made  capable  of  far  surpassing  the  results  obtained  by 
the  most  careful  personal  observation.  Both  in  France  and 
in  this  country  such  instruments  have  been  made  and  used. 
M.  Bertin,  of  Cherbourg,  and  Mr.  W.  Froude  independently 
constructed  instruments  for  this  purpose,  based  upon  very 
similar  principles.  That  of  Mr.  Froude  has  been  used  on  board 
the  Greyhound,  Perseus,  a.nd  DevastcUion  with  great  success, 
and  a  description  of  its  leading  features  will  be  welcomed 
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by  all  wbo  take  an  interest  in  the  subject  of  the  bebaTioor 
of  ships  at  sea,  and  may  not  have  bad  the  opportunity 
of  consulting  the  descriptions  which  Mr.  Froude  has 
published.* 


Fig.   78   contains    a  general    view   of    the    instnuiifflit> 
mounted   on    a   rocking   platform,   AAA,  the  motions   v/L 


*  For   tbeac    soe    vuL  xiv.    of     of  tbe  jarticulars  giveit  in  the  test 
3V(Mfa«(Hfn«  of  the  luBtitutioQ  of     and  tbe  drawing  of  the  iiu 
iLXnalAf^tecta;  from  which  most      are  taken. 
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which  represent  those  of  the  deck  of  a  ship  rolling  in  a 
seaway.  The  surface  of  the  rocking  platform  to  which  the 
instrument  is  secured  is  shown  at  a  considerable  inclination, 
and  the  fixed  frame  upon  which  it  rocks  will  be  readily 
distinguished. 

Two  fundamental  principles,  already  explained,  may  be 
again  mentioned  in  order  to  facilitate  explanation  :  (1)  if  a 
pendulum  of  very  short  period  is  hung  at  the  height  of  the 
centre  of  gravity  of  a  ship  rolling  among  waves,  it  will  at 
each  instant  stand  practically  normal  to  the  effective  wave 
slope ;  (2)  if  a  pendulum  of  very  long  period  be  hung  in 
the  ship,  it  will  remain  practically  vertical  while  she 
rolls.  In  the  instrument  there  are  two  such  pendulums; 
when  the  ship  is  upright  and  at  rest,  they  both  occupy  a 
vertical  position  which  is  marked  on  some  part  of  the 
apparatus  that  accompanies  the  motion  of  the  ship.  When 
the  ship  rolls,  the  oscillations  of  the  quick-moving  pendulum 
indicate  the  angles  of  inclination,  at  every  instant,  of  the 
masts  of  the  ship  to  the  normal  to  the  effective  wave  slope ; 
while  the  oscillations  of  the  very  slow-moving  pendulum 
indicate  the  simultaneous  inclination  of  the  masts  to  the 
vertical.  From  these  two  records  the  angles  of  wave  slope 
at  various  times  can  be  deduced,  being  the  algebraical 
difference  of  the  pendulum  inclinations ;  and  the  profile  of 
the  effective  wave  surface  can  be  constructed.  In  short, 
every  important  feature  in  the  behaviour  of  the  ship  is 
brought  within  the  scope  of  analysis,  by  means  of  the 
diagrams  automatically  traced  by  the  instrument. 

The  quick-moving  pendulum  is  shown  in  Fig.  78  by  r 
(on  the  right  side  of  the  drawing,  and  about  mid-height  on 
it).  It  consists  of  a  horizontal  brass  tube,  filled  with  lead 
so  as  to  form  a  heavy  bar-pendulum ;  this  is  suspended  at 
each  end  on  knife-edges,  situated  near  the  upper  part  of  the 
circumference  of  the  bar.  The  bar  is  only  2^  inches  in 
diameter,  and  about  20  inches  long ;  so  that  the  arrangement 
really  produces  a  powerful  and  sensitive  pendulum,  of  less 
than  2  inches  in  length,  and  consequently  having  a  very 
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short  period.*  It  carries  an  arrangement  of  light  arms 
{p)^  at  the  end  of  which  is  a  pen,  a ;  and  as  the  bar-pen- 
dulum swings  to  and  fro,  the  pen  a  registers  the  motion 
upon  a  sheet  of  paper  carried  by  the  cylinder  i,  which  is 
driven  by  clockwork.  The  pen  «  traces  on  the  paper  a 
continuous  line,  and  as  the  cylinder  h  revolves,  another 
piece  of  clockwork  I  marks  upon  the  paper  a  "  scale  of  time  " : 
so  that  the  diagram  produced  shows  not  merely  the  suc- 
cessive inclinations  of  the  ship  to  the  eflfective  surface,  but 
also  indicates  the  times  at  which  those  inclinations  are 
attained.  The  interval  of  time  marked  by  this  scale, 
between  two  consecutive  extremes  of  inclination,  will  show 
the  "period  "of  the  corresponding  oscillation. 

Considerable  practical  difficulties  had  to  be  overcome  in 
constructing  the  second  pendulum,  which  has  a  very  long 
period.  It  consists  of  a  heavy-rimmed  wheel  (a,  in  Fig.  78), 
8  feet  in  diameter,  weighing  200  lb"*. ;  this  is  carried  on 
an  axis  of  steel,  1  inch  in  diameter,  the  centre  of  gravity  of 
the  whole  being  only  six-thousandths  (0*006)  of  an  inch 
away  from  the  centre  of  the  axle.  Here  we  see  an  arrange- 
ment identical  in  character  with  a  ship  having  very  little 
initial  stability,  but  great  inertia ;  the  two  contributing  to 
produce  a  very  long  period.  The  observed  time  for  a  single 
swing  of  this  wheel-pendulum,  as  it  may  be  termed,  has 
been  found  to  be  about  34  seconds ;  the  magnitude  of  this 
period  becomes  evident  when  it  is  remembered  that  the 
slowest-moving  ships  have  periods  for  a  single  roll  of  abont 
\)  seconds  only,  and  that  the  half-period  of  the  largest 
waves  commonly  met  with  are  still  less.  Friction  rollers 
(c,  c)  support  the  steel  axle ;  and  the  extreme  delicacy  of 
the  suspension  of  this  heavy  wheel  is  attested,  says  Mr. 
Froude,  "  by  the  fact,  that,  when  at  rest,  a  breath  on  the 
"  circumference  (of  the  wheel)  will  move  it  perceptibly." 
This   wheel-pendulum  continues  almost   immoved   as   the 


*  A  |>endulum  having  a  length  of  2  inches  has  a  period  for  a  single 
roll  of  about  two-tenths  of  a  second  only. 
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ship  rolls.  The  eflfects  of  any  very  small  motion  which  the 
wheel  may  acquire  are  easily  eliminated,  and  it  practically 
indicates  at  every  instant  the  true  vertical  direction, 
as  well  as  the  inclination  thereto  of  the  masts.  This 
wheel  is  also  made  to  record  its  motions  on  the  revolving 
cylinder  i.  A  wooden  semi-circle  g  is  carried  on  the 
axis,  and  by  means  of  the  light  rods  A,  A  —  which  are 
carefully  counterbalanced  —  the  relative  angular  motions 
of  the  ship  and  the  steady  wheel  are  made  to  move  a  pen, 
w,  which  draws  a  curve  on  the  paper  stretched  upon  the 
cylinder  A.  The  character  of  this  curve  is  similar  to 
that  traced  by  the  pen  «,  moved  by  the  pendulum  r  ;  and 
both  these  curves  are  indicated  by  the  curved  lines 
shown  on  the  cylinder  k,  the  rotary  motion  of  the  cylinder 
and  the  motion  of  the  pens  parallel  to  its  axis  combining 
to  produce  this  result.  The  time  scale  is  the  same  for 
both  curves;  and  on  that  traced  by  the  pen  m  the  time 
interval  between  any  two  consecutive  extremes  of  inclination 
measures  the  corresponding  period  of  oscillation  of  the  ship. 
When  the  observations  are  over,  the  paper  can  bo  removed 
from  the  cylinder  k,  and  the  diagrams  drawn  by  the  auto- 
matic apparatus  can  b€^  analysed.  Into  this  part  of  the 
work,  however,  it  is  unnecessary  now  to  enter,  our  purpose 
being  to  give  only  a  general  sketch  of  the  instrument.  It 
furnishes  the  following  information : — 

(1)  The  relative  inclination  of  the  ship  and  the  effective 
wave  slope  at  any  instant. 

(2)  The   inclination  of  the  ship  to  the  vertical  at  any 

instant. 

(3)  The  period  of  oscillation  of  the  ship  at  any  time — 
that  is,  the  number  of  seconds  occupied  in  completing  the 
roll  from  port  to  starboard,  or  vice  versa. 

From  1  and  2  may  also  be  deduced : — 

(4)  The  angle  of  slope  of  the  effective  wave  surface  at 
any  instant. 

(5)  The  period  of  this  effective  wave,  which  will  agree 
with  the  apparent  period  of  the  surface  waves. 
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Ify  therefore,  careful  obsenrations  are  made,  while  the 
instrument  is  at  work,  of  the  dimensions  and  periods  of 
waves,  the  comparison  between  the  observed  slope  of  the 
surface  wave  and  the  deduced  slope  of  the  effective  wave 
will  furnish  a  test  of  the  correctness  of  the  ordinary 
assumption  as  to  the  effective  wave  slope.  It  will  also 
enable  future  estimates  of  the  probable  rolling  of  ships  to 
be  made  more  precise  than  is  now  possible,  owing  to  the  doubts 
surrounding  this  question  of  the  effective  wave  surfiuje.* 

Before  concluding  this  chapter,  it  may  be  well  to  repeat 
that,  whatever  method  of  observing  the  rolling  or  pitching 
may  be  adopted,  the  observations  made  cannot  have  their 
full  value  unless  the  attendant  circumstances  are  fully 
recorded.  For  example,  the  (ictwd  condition  of  the  ship 
at  the  time  should  be  noted ;  whether  she  is  under  sail  or 
steam;  what  portion  of  her  consumable  stores  remain  on 
board;  whether  the  boilers  are  full  or  empty;  whether 
there  is  anything  imusual  in  her  stowage;  whether  there 
is  any  water  in  the  bilges ;  and  any  other  features  that 
would  affect  the  still-water  period  of  oscillation.  Her 
course  and  speed  should  also  be  stated,  the  former  being 
given  relatively  to  the  line  of  the  wave  advance,  and  the 
angle  between  the  two  being  stated  in  degrees  where  possible. 
The  dimensions  and  periods  of  the  waves,  both  real  and 
apparent,  should  also  be  carefully  determined,  as  explained 
in  Chapter  V.  Moreover,  no  change  should  be  made  af- 
fecting the  behaviour  of  a  ship  for  some  time  before  the 
observations  are  commenced,  nor  during  their  progress; 
a  change  of  course,  an  alteration  in  the  sail  spread,  a 
change  of  speed,  or  any  other  changes,  made  immediately 


*  Independently  of    the  use  of  hung  at  the  height  of  the  centre  of 

this  instrument,  naval  officers  might  gravity  of  the    ship.      Great  care 

do  much  to  add  to  existing  know-  would  be  required  to  ensure  the 

ledge  on  this  point  if  they  associated  simultaneity  of  the  records  of  bat- 

oniinary   batten  observations  with  tens  and  i)endulums  if  this  plan 

simultaneous    observations  of   the  were  adopted, 
angles  indicated  by  short  pendulums 
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before  the  observations  began,  might  seriously  influence  the 
behaviour  during  the  comparatively  short  time  over  which 
a  series  of  observations  extends ;  and  it  is  needless  to  point 
out  the  necessity  for  avoiding  any  changes  during  that 
short  time.  The  Admiralty  instructions  enforce  these 
conditions,  providing  that  no  change  of  course  or  speed,  or 
spread  of  sail,  &c.,  shall  be  made  for  at  least  ten  minutes 
before  the  observations  are  commenced. 

The  most  perfect  sets  of  observations  of  the  behaviour 
of  a  ship  yet  made  were  those  conducted  by  Mr.  Froude, 
on  behalf  of  the  Admiralty,  on  board  the  Devastation.  But 
unfortunately  for  the  scientific  interest  of  the  case,  the 
weather  encoimtered  during  the  passage  of  that  ship  to  the 
Mediterranean  in  1875  was  so  moderate  as  neither  to  severely 
test  her  qualities  nor  to  aflbrd  good  opportunities  for 
showing  the  full  capabilities  of  the  automatic  instrument. 
Every  naval  ofiScer  proposing  to  enter  upon  similar  work 
may  read  with  advantage  the  brief  report  drawn  up  by 
Mr.  Froude  on  the  observations  made  during  the  passage.* 

Ordinary  observers  have  not  similar  advantages,  but  with 
the  aid  of  the  appliances  in  common  use  much  valuable  infor- 
mation has  already  been  furnished  by  the  Royal  Navy,  and 
it  is  to  this  quarter  we  must  look  chiefly  for  still  further  facts 
bearing  on  the  behaviour  of  ships  at  sea.  An  intelligent 
acquaintance  with  the  main  deductions  from  modem  theory, 
as  well  as  with  the  moot  points  of  the  subject,  will  enable 
the  observer  to  supply  much  more  valuable  information, 
seeing  that  he  will  be  capable  of  distinguishing  the  more 
important  from  the  less  important  conditions,  and  of  giving 
a  practical  direction  to  his  inquiries. 


Published  as  Parliamentary  Paper  No.  104  of  1876. 
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CHAPTER  VIII. 

THE   STRAINS   EXPERIENCED   BY  SHIPS. 

The  stracture  of  a  ship  floating  at  rest  in  still  water  is 
usually  subjected  to  various  straining  forces  tending  to 
produce  changes  of  form;  and  when  she  is  rolling  and 
pitching  in  a  seaway,  or  propelled  by  sails  or  steam-power, 
her  structure  is  still  more  severely  strained.  In  order  to 
provide  the  necessary  structural  stren^^th  to  resist  these 
straining  forces,  the  naval  architect  has  to  make  choice  of 
the  materials  best  adapted  for  shipbuilding,  and  further  to 
distribute  and  combine  these  materials  so  as  most  efficiently 
to  resist  changes  of  form  or  rupture  of  any  part.  By  these 
means  he  seeks  to  secure  the  association  of  lightness  with 
strength  to  the  fullest  possible  extent,  an  object  of  which 
the  importance  has  already  been  illustrated.*  Before  it 
can  be  accomplished  satisfactorily,  the  designer  of  a  ship 
must  have  an  intelligent  appreciation  of  the  causes  and 
character  of  the  strains  to  be  provided  against;  otherwise 
materials  may  be  concentrated  where  strength  is  not  chiefly 
required,  or  vice  vena.  The  importance  of  such  knowledge 
has  been  recognised  from  the  time  when  the  construction  of 
ships  beizan  to  receive  scientific  treatment,  but  in  this,  as  in 
most  other  branches  of  the  subject,  the  greatest  progress  has 
been  made  within  comparatively  recent  times.  We  now 
propose  attempting  a  brief  popular  sketch  of  the  chief 
straining   actions   to  which  ships   are   subjected,  and  in  a 


See  Chapter  I.  p.  3. 
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subsequent  chapter  will  discuss  the  principles  of  the  struc- 
tural strength  of  ships. 

Tfie  chief  strains  to  which  ships  are  subjected  may  be 
classified  as  follows : — 

(1)  Strains  tending  to  produce  longitudinal  bending — 
"  hogging  "  or  "  sagging  " — in  the  structure  considered  as  a 
whole. 

(2)  Strains  tending  to  alter  the  transverse  form  of  a 
ship ;  i.e.  to  change  the  form  of  athwartship  sections. 

(3)  Strains  incidental  to  propulsion  by  steam  or  sails. 

(4)  Strains  affecting  particular  parts  of  a  ship — "  local 
strains'* — tending  to  produce  local  damage  or  change  of 
form,  independently  of  changes  in  the  structure  considered 
as  a  whole. 

Besides  these  there  are  other  strains,  of  less  practical 
importance,  which  are  interesting  from  a  scientific  point  of 
view,  but  need  not  now  be  discussed,  as  there  is  ample 
strength  in  the  structure  of  all  ships  to  resist  them,  and 
there  is  no  necessity  in  arranging  the  various  parts  to  make 
special  provision  agidnst  such  strains.  Vertical  shearing 
forces,  for  example,  are  in  action  in  all  ships ;  they  tend  to 
shear  off  the  part  of  a  ship  lying  before  any  cross-section 
from  that  abaft  it ;  but  no  such  separation  of  parts  has  been 
known  to  take  place,  nor  is  it  likely  to  be  accomplished  in 
ordinary  ships. 

The  order  indicated  in  this  classification  is  that  which  will 
be  followed  in  our  description,  being  the  order  of  relative 
importance  of  the  straining  actions.  All  of  them  require 
consideration,  but  while  it  is  not  difficult  to  provide  against 
the  last  two  classes,  it  is  important  to  bestow  careful 
attention  on  the  prevention  of  changes  of  transverse  form, 
and  it  is  still  more  difficult  to  prevent  longitudinal  bending. 

In  passing,  it  may  be  well  to  remark  that  a  distinction 
must  be  made  between  the  tendency  of  any  strain  and  its 
observed  effect  upon  the  structure  of  a  ship.  No  visible 
change  of  form  may  result  from  the  action  of  very  severe 
strains,  because   the  visible  result  of  that  action  depends 

s  2 
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npoD  the  strength  and  rigidity  of  the  Btractore  relatively  to 
the  strains  brought  apon  it;  neverlheless,  the  tendency  of  the 
BtrainiDg  forces  is  the  Bame  as  if  actoal  change  of  form  was 
produced.  For  instance,  it  is  very  common  to  find  wood  ships 
"hogging"  or  "sagging"  under  the  action  of  longitudinal 
bending  strains;  but  iron  ships,  equally  strained,  have 
strength  and  rigidity  so  much  in  excess  of  wooden  ships  as 
te  remain  practically  unchanged  in  form.  Again,  wood  ships 
frequently  "  work,"  altering  form  transversely,  when  rolling 
in  a  seaway ;  and  forces  of  equal  intensity  acting  npon  a 
stronger  iron  ship  may  give  no  external  evidence  of  their 
existence.  Yet  in  both  cases  the  tendency  of  the  straining 
forces  is  the  same.  This  simple  distinction  is  sometimes 
overlooked,  and  the  absence  of  straining  forces  inferred  from 
the  maintenance  of  form. 


FIG  7». 
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Turning  to  the  principal  strains  requiring  consideration — 
those  tending  to  produce  longitudinal  bending — the  cose  to 
be  first  considered  is  that  of  a  ship  floating  at  rest  in  still 
water.  It  has  already  been  shown  that  there  are  two 
essential  conditions  of  equilibrium  :  the  ship  must  displace 
a  quantity  of  water  having  a  weight  equal  to  her  own 
weight,  and  her  centre  of  gravity  must  be  in  the  same 
vertical  line  with  the  centre  of  buoyancy.  These  two 
conditions  may  be  fulfilled,  however,  and  yet  the  weight 
and  buoyancy  may  be  very  unequaUy  distrtbuied  ;  the  result 
being  the  production  of  longitudinal  bending  strains.  As 
a  very  simple  illustration,  take  Fig.  79,  representing  a  ship 
Boating  at  rest  in  still  water.  Supposing  her  to  be  divided  by 
a  number  of  transverse  vertical  planes  (ab,  ah,  &c.),  let  each 
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piece  of  the  ship  between  two  consecutive  planes  of  division 
be  considered  separately.  At  the  bow  there  will  probably 
be  one  or  two  portions  for  which  the  weight  exceeds  the 
buoyancy;  these  excesses  of  weight  are  indicated  by  Wi  and 
Wj.  Amidships  the  fuller  form  of  the  ship  gives  greater 
buoyancy  to  those  subdivisions,  and  it  is  very  common  to 
find  the  buoyancy  exceeding  the  weight,  as  indicated  by 
Bi,  B2,  B3,  in  the  diagram.  At  the  stem  also  the  weight  is 
likely  to  be  in  excess,  as  shown  by  W3  and  W4.  The  sum 
of  these  exca««es  of  buoyancy  will  evidently  balance  the 
sum  of  the  excesses  of  weight  at  the  extremities ;  and  the 
second  hydrostatical  condition  of  equilibrium  requires  that 
the  resultant  moment  of  these  two  sets  of  forces  about  any 
point  shall  be  zero.  It 
will  be  seen  that  a  ship 
thus  circumstanced  is  in 
a  condition  similar  to  that 
of  the  beam  in  Fig.  80, 
which  is  supported  at  the 
middle,  and  loaded  at  each  ^^ 

end.  Such  a  beam  tends  to  become  curved,  the  ends  dropping 
relatively  to  the  middle,  and  the  ends  of  the  ship  tend  to 
drop  similarly,  the  change  of  form  being  termed  "  hogging." 
Hogging  strains  are  very  commonly  experienced  at  every 
part  of  the  length  of  ships  floating  in  still  water. 

If  the  conditions  of  Fig.  79  were  reversed,  the  excesses  of 
buoyancy  occurring  at  the  extremities,  and  those  of  weight 
amidships,  the  ship  would  resemble  a  beam  supported  at 
the  ends  and  loaded  at  the  middle  of  the  length.  The 
middle  would  then  tend  to  drop  relatively  to  the  ends,  a 
change  of  form  sometimes  occurring  in  ships,  and  known  as 
"  sagging."  It  is  to  be  observed,  however,  that  in  all,  or 
nearly  all,  ships,  when  floating  in  still  water,  the  fine  form  of 
the  extremities  under  water  makes  the  buoyancy  of  those 
parts  less  than  the  corresponding  weights ;  so  that  sagging 
strains  are  rarely  experienced  throughout  the  whole  length 
of  a  ship  in  still  water.      Among  waves,  as  will  be  seen 
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hereafter,  the  couditions  may  be  changed  so  as  to  produce 
sagging  strains  at  every  part  of  the  length  of  a  ship. 

It  is  not  uncommon  to  find  the  opinion  expressed  that, 
whenever  there  is  an  excess  of  weight  amidships  in  a  ship, 
sagging  strains  will  be  developed ;  but  this  is  not  a  necessity. 
Suppose,  for  example,  that  Fig.  81  represents  a  vessel  having 


FIG  81. 
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excesses  of  weight  (Wo)  amidships  as  well  as  at  the  ex- 
tremities, and  excesses  of  buoyancy  at  the  intermediate 
portions.  This  is  the  condition  of  very  many  ships,  such 
as  paddle-steamers  with  their  machinery  concentrated  in  a 
comparatively  small  length  amidships,  or  in  ironclads  with 
central  armoured  breastworks  or  batteries  overlying  the 
spaces  occupied  by  the  machinery.     Such  a  vessel  may  be 

compared  to  the  beam  in 
Fig.  82,  supported  at  two 
points,  and  laden  at  the 
middle  and  ends.  Ac- 
cording to  the  view  men- 
tioned above,  sagging 
strains  should  then  be 
produced  imder  the  middle-load ;  but  it  is  easy  to  show  that 
this  may  or  may  not  be  the  case.  For  this  purpose  a  short 
explanation  is  needed  of  a  few  simple  principles,  the  appli- 
cation  of  which  is  general  to  ships  as  well  as  to  beams. 

Suppose  it  is  desired  to  obtain  the  "bending  moment"  at 
any  section — say  ah — of  the  beam  in  Fig.  82.  ConceiTe 
the  beam  to  be  rigidly  held  at  that  section,  and  reckoning 
from  either  end  of  the  beam  up  to  oi,  let  an  account  be 
taken  of  every  force  ac^ting  upon  it,  load  and  support,  as  well 


^        FIG  82.      g 
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as  of  the  distance  of  the  line  of  action  of  each  force  from  the 
selected  section  ah.  Multiply  each  force  by  the  correspond- 
ing distance,  add  up  separately  the  moments  of  the  loads 
and  supporting  forces,  and  the  differences  of  the  two  sums 
will  be  the  bending  moment  required.  It  is  immaterial 
which  end  is  reckoned  from  in  estimating  the  bending 
moment.  As  a  very  simple  case,  suppose  it  to  be  desired 
to  find  the  bending  moment  of  the  forces  acting  upon  the 
middle  section  of  the  beam  in  Fig.  82.  Let  the  weight  of 
the  beam  be  neglected,  and  the  supports  be  midway  between 
the  middle  of  the  length  and  either  end.  Suppose  the  fol- 
lowing values  to  be  known: — 

4  Z  =  length  of  beam ;  W,  =  load  on  either  end ;  2  W2  =  load 

in  middle. 

Then  each  support  will  sustain  a  pressure  (B)  equal  to  Wi 
+  W2.  For  the  bending  moment  at  the  middle  of  the  beam, 
we  must  have. 

Bending  moment  =  W^  x  2  Z  -  (W^  +  W^)  Z=  (W^  -  W2)  I 

Hence  it  will  be  seen  that  the  following  conditions  hold : — 

(a)  If  Wi  is  greater  than  W2,  there  will  be  a  hogging 
moment  at  the  middle  of  the  beam,  and  no  section  will  be 
subjected  to  sagging  moment,  notwithstanding  that  the 
middle  load  2  W2  is  carried. 

(6)  If  Wi  is  less  than  W2,  there  will  be  a  sagging 
moment  at  the  middle  of  the  beam. 

(c)  Even  in  this  second  case  the  sections  of  the  beam 
situated  between  the  ends  and  the  supports  will  be 
subjected  to  hogging  moments,  and  so  also  will  some 
part  of  the  beam  lying  between  the  supports  and  the 
middle. 

The  case  of  the  ship  is  similar,  but  more  complex,  the 
estimate  of  the  bending  moment  experienced  by  the  midship 
section  involving  the  consideration  of  many  vertical  forces, 
some  acting  upwards  and  others  downwards.  But  the  fore- 
going is  an  illustration  of  the  general  mode  of  procedure. 
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and  the  conditions  of  the  existence  or  non-existence  of  sag- 
ging strains  amidships  stated  for  the  beam  are  paralleled 
by  somewhat  similar  conditions  for  the  ship.  Reckoning 
from  the  bow  or  stem  of  a  ship  to  the  midship  section,  or  to 
any  other  cross-section,  it  is  easy  to  determine  the  bending 
moment  when  the  relative  distribution  of  the  weight  and 
buoyancy  for  that  yessel  has  been  determined.  But  in  such 
a  determination  lies  the  difficulty  of  practically  applying  the 
principles  just  explained. 

The  longitudinal  distribution  of  the  buoyancy  of  a  ship  is 
readily  ascertainable  from  the  calculations  ordinarily  made 
for  her  displacement ;  but  the  corresponding  distribution  of 
the  weight  can  only  be  found  by  means  of  a  laborious  calcu- 
lation. Until  quite  recently  very  little  exact  information  on 
this  subject  was  accessible ;  but  the  work  since  done  at  the 
Admiralty  for  various  typical  war-ships,  and  at  Lloyd's 
Kegistry  for  various  classes  of  merchant  ships,  has  added 
much  valuable  information,  and  enabled  a  more  complete 
theory  to  be  framed  as  to  the  conditions  of  strain  to  which 
ships  are  subjected.* 

It  is  usual  to  represent  the  distribution  of  the  weight  and 
buoyancy  of  a  ship  by  curves,  similar  to  those  shown  in  Fig. 
83.  A  base-line  (AB)  is  taken  to  represent  the  length  of  the 
ship,  and  at  intervals  of  some  20  feet  ordinates  are  drawn  to 


^  These  calculations  for  war-ships 
were  commenced  under  the  direction 
of  Mr.Reed.C.B.,  F.R.S.,M.P.,  when 
Chief  Constructor  of  the  Navy,  and 
have  since  been  extensively  made. 
The  principal  results  of  Mr.  Reed's 
calculations,  together  with  many 
^generalisations  therefrom,  were  pub- 
lished by  him  in  part  ii.  of  the  Philo- 
sophical  Transactions  of  tlie  Royal 
Society  for  1871.  The  Author  had 
the  honour  of  assisting  Mr.  Reed  in 
the  preparation  of  this  memoir,  and 
the  calculations  \i\yovi  which  it  was 


based ;  many  of  the  facts  stated  in 
the  text  are  drawn  from  the  memoir. 
As  to  the  strains  of  merchant 
ships,  see  a  valuable  paper  in  the 
Transactions  of  the  Institation  of 
Naval  Architects  for  1874^  hy  Mr. 
W.  John,  F.R.S.N.A.,  who  aniBted 
Mr.  Reed  in  the  earlier  calcolaliioiis 
made  at  the  Admiralty.  By  the 
kind  permission  of  Mr.  Bamaliy, 
C.B.,  Director  of  Naval  Constnictian, 
{tarticulars  hitherto  unpuhliahod 
jpven  of  the  strains  of  the 
tion  class  in  the  Royal  Navy. 
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represent  the  hypothetical  planes  of  division  above  described. 
Midway  between  any  two  ordinates  a  line  is  drawn  perpen- 
dicular to  the  base-line,  and  npon  this  is  set  off  a  length 
representing,  on  a  certain  scale,  the  buoyancy  of  the  20- 
foot  length  in  the  ship  lying  between  the  corresponding 
planes  of  division.  A  succession  of  points  is  thus  obtained, 
and  through  these  the  "  curve  of  buoyancy  "  (B  BB)  is  drawn. 
The  ordinary  calculations  for  displacement  afford  a  ready 
means  of  constructing  this  curve  accurately. 

To  construct  the  curve  of  weight  (WWW)  is  a  matter 
of  much  greater  difficulty.  For  each  20-foot  length  in  the 
ship  lying  between  two  planes  of  division  it  is  necessary  to 
calculate  the  weight  of  bull  and  lading  in  detail ;  when  this 
is  found,  it  is  set  off  on  the  line  drawn  midway  between  the 
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ordinates  corresponding  to  the  two  planes  of  division,  the 
scale  for  weight  being  the  same  as  that  previously  chosen  for 
buoyancy.  When  a  series  of  points  has  been  determined,  and 
the  curve  of  weight  drawn,  its  total  area  must  equal  that 
of  the  curve  of  buoyancy,  and  the  centres  of  gravity  of  the 
two  areas  must  lie  on  the  same  ordinate ;  these  conditions 
are  only  another  form  of  statement  for  the  two  essential 
conditions  of  equilibrium  for  the  ship  floating  at  rest- 
Taking  any  ordinate  (say  PQ),  the  intercept  (QR)  between 
the  two  curves  represents  the  excess  (or  defect)  of  buoyancy 
at  that  place.  Where  the  curve  of  buoyancy  lies  outside  the 
curve  of  weight  {reckoning  from  the  base-line  AB),  buoyancy 
is  in  excess;  where  the  curve  of  weight  lies  outside,  the 
weight  is  in  excess;  at  the  sections  where  the  curves  cross. 
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the  weight  and  buoyancy  are  equal,  and  theae  are  termed 
"  water-bome  "  sections.  A  more  convenient  mode  of  repre- 
senting these  excesHCS  or  defects  of  buoyancy  is  furnished  in 
Fig.  81.  Here  the  base-line  and  the  dotted  ordinates 
c<)rrcH|K>nd  to  those  in  Fig.  8:{ ;  and  on  any  ordinate  of  those 
curves  the  intercept  (say  QB)  is  measured  and  transferred 
to  tlie  c<)n-cN]K>nrIing  ordinate  QR  in  Fig.  84,  being  set  above 
the  base-lino  AB  when  the  buoyancy  is  in  excess,  and  below 
wlien  tile  woiuitt  is  in  excess.  The  curve  LLL  drawn  through 
the  [Kiints  thus  detennined  is  termed  the  "  curve  of  loads," 
and  indicates,  at  a  glance,  the  unequal  distribution  of  the 
weight  and  buoyancy. 


The  diagrams  in  Fif,'s.  83  and  84  represent  the  case  of 
her  Alajesty's  ship  Minotaur  (armour-plated  frigate,  400  feet 
in  length),  and  are  taken  from  the  memoir  of  Hr.  Reed  pre- 
viously  referred  to.  She  is  a  vessel  completely  protected  by 
armour  throughout  her  length  from  the  upper  deck  down  to 
some  6  feet  under  water ;  the  finely  formed  ends  are  thoB 
burdened  with  an  excess  of  weight,  the  actual  distribatioB 
of  the  weight  and  buoyancy  being  as  follows : — 

First  8<>  feet  from  the  bow  .      .  Weight     420  tons  in  exoesB. 

.,    TO     „         „        stern  „         450     „  „ 

250  Teet  amidshiiis.      .  .  Buoyancy  870     „  „ 

This  vessel  in  still  water  fumii<hes,  therefore,  an  exanqite  of 
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the  condition  of  the  beam  in  Fig.  80.  Hogging  moments 
are  experienced  by  all  athwartship  sections  throughout  the 
length,  the  maximum  moment,  at  the  midship  section,  being 
equal  to  the  product  of  the  total  weight  of  the  ship  by  ^ 
of  her  length.  The  curve  MMM  in  Fig.  84  indicates  the 
variation  in  the  bending  moments  from  end  to  end  of  the 
ship ;  the  length  of  any  ordinate  measuring  the  bending 
moment  experienced  by  the  corresponding  cross-section  in  the 
ship.  From  the  foregoing  remarks  the  reader  will  have  no 
difficulty  in  understanding  how  this  ciirve  of  moments  can 
be  very  easily  constructed  when  the  curve  of  loads  has  been 
drawn. 

This  is  a  very  common  case  of  the  distribution  of  weight 
and  buoyancy  in  ships  ;  including  the  older  types  of  sailing 
ships  and  many  steam-ships.  The  excesses  of  weight  at  the 
extremities  are,  however,  proportionately  greater  in  an 
armoured  vessel  like  the  Minotaur  than  they  are  likely  to  be 
in  unarmoured  ships,  and  this  exaggerates  the  maximum 
bending  moment  experienced  by  the  midship  section.  It  lies 
outside  our  present  purpose  to  attempt  any  exhaustive  state- 
ment of  the  varying  conditions  of  weight  and  buoyancy  either 
in  ships  of  diflTerent  classes  or  in  the  same  ship  when  the 
weights  are  differently  distributed.  Attention  must,  however, 
be  drawn  to  the  facts,  obvious  enough  from  the  preceding 
remarks,  that  the  magnitude  of  bending  strains  in  still  water 
does  not  necessarily  increase  with  deeper  lading,  and  that 
for  a  given  water-line  and  total  displacement  differences  of 
stowage  will  greatly  influence  the  strains.  For  example,  if 
the  armour  were  taken  off  the  bow  and  stem  of  the  Minotawr 
and  stowed  amidships,  the  excesses  of  weight  at  the  extremities 
and  of  buoyancy  amidships  would  be  greatly  reduced,  causing 
a  great  reduction  in  the  hogging  moments  at  the  midship 
section  and  elsewhere.  On  the  other  hand,  if  the  Minotaur 
floats  light,  with  engines,  boilers,  and  all  equipment  removed 
as  for  a  general  repair,  the  excesses  of  weight  over  buoyancy 
at  the  extremities  and  of  buoyancy  over  weight  amidships 
become  much  greater  than  they  are  in  the  fiilly  laden  con- 
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dition.  Instead  of  an  excess  of  weiirht  forward  of  420  tons, 
there  is,  when  light,  an  excess  of  560  tons ;  while  aft  the 
excess  increases  from  450  to  500  tons;  and  anudships,  on  a 
length  of  some  230  feet,  when  the  ship  floats  light,  there  is 
an  excess  of  buoyancy  of  1060  tons,  as  against  870  tons  in 
the  fully  laden  condition.  The  vessel  is  therefore  subjected 
to  much  severer  hogging  strains  when  floating  light  in  still 
water  than  she  is  when  fully  equipped.  This  is  by  no  means 
an  exceptional  condition,  and  it  explains  the  well-known  fact 
that  wood  vessels  often  hog  most  soon  after  they  are  launched, 
or  when  lightened  for  thorough  repairs. 
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In  the  Devastation  class  of  the  Royal  Navy,  a  far  less 
simple  distribution  of  the  weight  and  buoyancy  is  found 
than  that  occurring  in  the  Minotawr  type.  Figs.  85  and  86 
illustrate  this  case.  The  spur-bow  and  full  form  forward,  as 
well  as  the  absence  of  high  armoured  ends  in  the  Dewdor 
tion,  make  the  excess  of  weight  very  small,  as  compared 
with  the  Minotaur — about  60  tons  excess  only  on  the  first  20 
feet  of  length.  Then  follows  about  57  feet  of  length,  before 
the  central  breastwork,  where  buoyancy  is  in  excess  by 
about  520  tons;  this  is  succeeded  by  a  great  excess  of 
weight — 550  tons  on  32  feet  of  length — under  the  foremost 
turret.  Along  the  central  part  of  the  ship,  where  the 
armoured  breastwork  is  situated,  and  the  machinery  and 
boilers  are  placed,  there  is  very  nearly  a  balance  of  weight 
and  buoyancy,  the  difference  not  amounting  to  more  than 
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10  tons  on  a  length  of  75  feet,  although,  as  shown  by  the 
diagrams,  there  are  two  small  excesses  of  buoyancy  and 
one  small  excess  of  weight,  the  latter  being  due  to  the  pilot- 
tower.  Under  the  after  turret,  another  large  excess  of  weight 
occurs — 320  tons  on  38  feet  of  length ;  followed  by  a  still 
larger  excess  of  buoyancy — 570  tons  on  a  length  of  63  feet ; 
thence  to  the  stem  there  is  an  excess  of  weight  of  170  tons, 
owing  to  the  fineness  of  the  form  of  the  ship  in  the  run. 
These  variations  are  indicated  by  the  curves  of  weight 
(WWW)  and  buoyancy  (BBB)  in  Fig.  85 ;  but  are  more 
clearly  shown  by  the  curve  of  loads  (LLL)  in  Fig.  86.  The 
resultant  bending  moments  are  shown  by  the  curve  MMM, 
and  oflTer  a  remarkable  contrast  to  those  for  the  Minotaur 


(see  MMM,  Fig.  84).  For  the  first  50  feet  from  the  bow 
there  is  scarcely  any  bending  moment  to  be  resisted  in  the 
Devastation;  whereas  in  the  Minotaur  the  moment  at  the 
corresponding  part  amounts  to  about  8000  foot-tons.  At 
the  after  part  also  the  hogging  strains  in  the  DevastoMon  are 
very  small,  the  greatest  hogging  moment  being  less  than 
one-seventh  as  great  as  that  in  the  Minotaur.  But  the 
most  marked  contrast  is  found  amidships ;  the  concentration 
of  weight  in  the  turrets  of  the  Devastation,  the  absence  of 
great  excesses  of  weight  at  the  ends,  and  the  altered  distri- 
bution of  the  excesses  of  buoyancy,  develop  sagging 
moments,  indicated  in  Fig.  86  by  the  ordinates  of  the  curve 
MMM  being  drawn  below  the  base-line  AB.  The  maximum 
bending  strains  are  also  made  much  more  moderate.  The 
maximum  sagging  strain  in  the  Devastation  is  onlya  little  over 
one-third  the  maximum  hogging  moment  in  the  Minotaur  ; 
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the  exact  figures  are  15,300  foot- tons  for  theDevadaiUm  and 
45,000  foot-tons  for  the  Minotawr.  Part  of  this  reduction  in 
bending  moment  is  undoubtedly  due  to  the  less  length  and 
weight  of  the  Devastation;  but  expressing  the  maximum 
bending  moment  as  a  fraction  of  the  product  of  the  length 
by  the  displacement — which  is  the  fairest  method — it  is 
about  yf  ^  for  the  Devastation  against  ^  for  the  Minotawr. 

When  the  exce^es  of  weight  and  buoyancy  are  diflTerently 
distributed  in  a  ship  having  an  excess  of  weight  amidships, 
her  condition  may  be  intermediate  between  the  two  extremes 
already  illustrated.  The  VangiLard  is  an  example  of  this 
intermediate  class.  When  fully  laden,  there  is  an  excess  of 
weight  of  115  tons  on  the  first  35  feet  from  the  bow,  then  an 
excess  of  buoyancy  of  220  tons  on  a  length  of  65  feet; 
amidships,  under  the  double-storied  central  battery,  there  is 
an  excess  of  weight  of  275  tons  on  a  length  of  80  feet ;  next 
an  excess  of  buoyancy  of  ,380  tons  on  a  length  of  70  feet, 
and  on  the  last  30  feet  of  length  to  the  stem  an  excess  of 
weight  of  210  tons.  The  result  of  this  distribution  of  weight 
and  buoyancy  is  to  develop  maximum  hogging  moments  in 
the  fore  and  after  bodies,  corresponding  to  those  experienced 
by  the  Devastation  ;  but  at  the  midship  section,  instead  of 
a  sagging  moment,  there  is  a  minimum  value  of  the  hogging 
moment,  about  one-third  as  great  a«  the  maximum  bending 
moment  experienced  by  the  after  body.* 

Summing  up  these  remarks  on  the  longitudinal  bending 
strains  produced  by  the  imequal  distribution  of  weight  and 
buoyancy  in  ships  floating  at  rest  in  still  water,  it  ¥dU  be 
seen  that  very  considerable  bending  moments  may  be  de- 
veloped, the  distribution  of  the  weights  very  greatly  affecting 
the  amoimts  and  character  of  the  bending  moments.  More- 
over, it  is  not  always  correct  to  say  that  the  midship  section 
sustains  tJie  greatest  strain,  cases  occurring  where  there  is 


*  The   Bellerophon    furoishes    a  Royal    Society    paper,   whidi   h» 

similar  case,  and  the  reader  desirous  been     published     also    in     Sawal 

<)f  fuller    information    cannot    do  Science. 
better    than    consult    Mr.    Reed's 


CHAP.  VIII.    STRAINS  EXPERIENCED  BY  SHIPS.         27 1 

a  large  excess  of  weight  amidships,  and  yet  the  contrary  is  true 
—very  little  strain  being  brought  upon  the  midship  section, 
and  the  greatest  strain  being  experienced  by  some  section  in 
the  fore  or  after  body.  1'hese  still- water  strains  are  not  nearly 
so  severe  as  those  experienced  by  a  ship  at  sea ;  but  they  are, 
on  the  other  hand,  of  constant  occurrence,  and  may  be  termed 
the  "  permanent "  strains  on  the  structure.  Hence  consider- 
able interest  attaches  to  an  investigation  of  their  values,  and 
there  is  the  further  advantage  that  the  investigation  leads 
up  to  the  more  important  case  of  straining  in  a  seaway. 

Besides  these  vertical  forces,  a  ship  floating  in  still  water 
has  to  resist  longitudinal  fluid  pressures,  tending  to  compress 
the  lower  part  of  the  structure,  and  to  produce  longitudinal 
bending.  Euler,  and  some  of  the  other  early  writers  on  the 
subject,  mentioned  this  fact,  but  they  erred  in  their  methods 
of  estimating  the  effect  of  these  pressures.  In  Figs.  79  and 
81,  P,  P  indicate  the  pressures,  which  balance  one  another 
when  the  ship  is  at  rest;  their  bending  moment  may  be 
stated  approximately  as  equal  to  the  product  of  P  into  the 
distance  of  the  "  centre  of  pressure  "  of  the  immersed  midship 
section  below  the  middle  of  the  depth  of  that  section, 
reckoning  that  depth  from  the  upper  deck  to  the  keel.* 
This  moment  is  never  absolutely  great,  but  it  sometimes 
assumes  relative  importance,  especially  in  vessels  with  con- 
centrated weights  amidships.  For  example,  Mr.  Keed  states 
that  in  the  central-battery  ironclad  Bellerophon,  the  vertical 
forces  develop  a  very  small  bending  moment,  whereas  the 
longitudinal  fluid  pressures  produce  a  moment  of  over  3000 
foot- tons — about  one-fovrth  of  the  maximum  hogging  moment 
experienced  by  any  cross-section  of  the  ship  when  floating 
in  still  water.  In  the  Vanguard  class,  a  nearly  identical 
ratio  holds  between  the  moment  due  to  the  horizontal  fluid 
pressures   and  the   maximum   hogging   moment,  which   is 


*  More  exactly,  the  distance  of  the  centre  of  gravity  of  the  sectional 
the  centre  of  pressure  should  be  area  ofthe  parts  on  the  midship  section 
reckoned  from  a  point  a  little  above      contributing  resistance  to  bending. 
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experienced  by  a  section  in  the  after  body,  in  consequence 
of  the  unequal  distribution  of  weight  and  buoyancy  pre- 
viously particularised.  This  branch  of  the  subject  is,  however, 
interesting  rather  than  practically  important,  because  the 
naval  architect  has  little  or  no  power  to  modify  the  amount 
or  effect  of  the  longitudinal  pressures;  whereas  in  the 
distribution  of  the  weights  of  cargo,  armour,  armament,  or 
equipment  along  the  length  of  a  ship  he  can  often  exercise 
considerable  influence. 

Passing  from  the  longitudinal  bending  strains  experienced 
by  ships  in  still  water  to  those  experienced  when  ships  are 
at  sea,  it  is  evident  that  the  latter  strains  must  be  fSar  more 
severe  and  distressing  to  the  structure.  This  arises  princi- 
pally from  three  causes.  First,  the  existence  of  waves  and 
the  departures  of  the  wave  profiles  from  the  level  of  still  water 
will  produce  exaggerations  in  the  inequality  of  distribution 
of  the  weight  and  buoyancy.  Second,  the  rapid  transit  of 
waves  past  a  ship  will  produce  continual  variations  in  the 
distribution  of  the  buoyancy,  these  being  necessarily  aooom- 
panied  by  great  and  rapid  changes  in  the  character  and 
intensity  of  the  bending  moments  brought  upon  the  structoie. 
Third,  the  establishment  of  pitching  and  'scending  move- 
ments in  the  ship,  as  well  as  of  vertical  heaving  motions, 
will  lead  to  the  development  of  accelerating  forces  tending  to 
increase  the  strain  upon  the  structure.  It  will,  of  oouise, 
be  understood  that  we  are  still  dealing  with  the  longitudinal 
bending  of  the  ship  considered  (U  a  whcU^  and  not  with 
local  strains  such  as  may  be  produced  by  blows  of  the  sea. 

These  general  considerations  are  certain  to  command 
acceptance,  but  when  an  attempt  is  made  to  give  them 
a  more  exact  application,  in  order  to  determine  the  probaUe 
maximum  strain  which  may  be  brought  upon  a  ship  exposed 
to  the  action  of  waves,  difficulties  arise  of  a  verv  serious 
character.  In  fact,  the  best  authorities  agree  in  adoptiiig 
a  mode  of  treatment  which  has  much  to  reconuDend  it» 
although  it  by  no  means  comprehends  all  the  conditioiis  of 
the  problem,  being  rather  a  means  of  comparing  the 
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of  different  ships  than  of  estimating  the  absolute  maximum 
strain  likely  to  be  brought  upon  a  particular  vessel  in  a 
seaway.  Two  extreme  eases  are  taken  :  one  (illustrated  by 
Fig.  87)  where  the  ship  is  supposed  to  rest  instantaneously 
in  statical  equilibrium  upon  the  crest  of  a  wave  having  a 
length  equal  to  her  own ;  the  other  (see  Fig.  88)  where,  in 
instantaneous  equilibrium,  she  lies  across  the  hollow  of  the 


FIQ  87. 


same  wave,  her  bow  and  stern  being  at  successive  crests. 
The  waves  are  assumed  to  have  the  maximum  steepness 
likely  to  be  associated  with  their  length ;  the  ship  is  supposed 
to  displace  as  much  water  on  the  waves  as  in  still  water ; 
her  centre  of  gravity  is  supposed  to  be  exactly  over  the 
centre  of  buoyancy  corresponding  to  each  of  the  extreme 
positions ;  and,  instantaneously,  she  is  treated  just  as  if  the 
wave  delivered  its  pressure  upon  her  vertically,  much  as 

FIQ  88. 


still  water  does,  the  form  of  the  displacement  only  being 
changed.  Objections  may,  of  course,  be  iirged  to  all  these 
assumptions ;  but,  on  the  whole,  they  appear  to  embody  the 
best  method  of  comparing  the  severest  longitudinal  bending 
strains  of  different  classes  of  ships. 

A  glance  at  the  diagrams  shows  how  great  a  difference  in 
the  distribution  of  the  buoyancy  is  produced  by  the  passage 
of  the  wave ;  WL  in  each  indicates  the  load  water-line  in 
still  water.  On  the  crest  (see  Fig.  87)  the  buoyancy  at  the 
extremities  of  the  ship  is  decreased  as  compared  with  still 
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water ;  the  buoyancy  amidships  being  considerably  increased. 
In  the  hollow  (see  Fig.  88)  the  conditions  are  reversed ;  there 
is  an  increase  of  buoyancy  at  the  bow  and  stem  which  sink 
into  the  wave  deeper  than  the  level  of  \VL ;  while  there  is  a 
decrease  of  buoyancy  amidships.  Speaking  generally,  it 
may  be  said,  therefore,  that  all  classes  of  ships  supported 
on  the  crest  of  a  wave  of  their  own  length  tend  to  hog 
throughout  their  lengthy  the  greatest  hogging  moment  being 
experienced  either  by  the  midship  section  or  a  section  lying 
near  to  it.  This  is  true  even  for  vessels  with  central  weights 
like  the  Devastation  or  the  Vanguard,  On  the  other  hand, 
in  all  except  very  few  and  unusual  cases  ships  astride  a 
wave  hollow  (as  in  Fig.  88)  have  excesses  of  buoyancy  at 
the  ends  and  excesses  of  weight  amidships;  consequently 
they  are  subjected  to  mgging  moments  throughout  {he  length* 
the  maximum  bending  moment  being  experienced  at  or  near 
the  midship  section,  even  by  ships  like  the  Minotaur^  which 
in  still  water  tend  to  hog  throughout  the  length. 

A  few  facts  for  the  Minotaur  and  Devastation  will  more 
clearly  illustrate  the  foregoing  statement.  When  the 
Minotaur  floats  on  the  crest  of  a  wave  400  feet  long  and  25 
feet  high,  the  excesses  of  weight  at  the  bow  and  stem 
become  increased  to  1275  and  1365  tons  respectively — about 
three  times  as  great  as  the  corresponding  excesses  in  still 
water ;  the  excess  of  buoyancy  amidships  being  no  less  than 
2640  tons.  The  maximum  hogging  moment  borne  by  the 
midship  section  is  140,000  foot-tons — more  than  three  times 
the  maximum  hogging  moment  experienced  in  still  water. 


♦  See  the  remarks  made  at  page 
261.  Special  features  may  produce 
small  excesses  of  weight  at  the  bow 
or  stem  even  when  they  are  im- 
mersed in  the  adjacent  wave  slopes. 
For  example,  in  the  Minotaur^  on 
the  wave  of  her  own  length  men- 
tioned in  the  text,  the  heavily 
armoured  bow  lias  a  very  small 
excess  of  weight,  10  tons  on  10  feet ; 


and  in  the  Devastation,  similarlj 
circumstanced,  the  lowness  of  the 
freeboard  leads  to  the  extremities  of 
the  deck  being  buried  deep  in  the 
wave  slopes,  causing  excesses  of 
weight  of  about  25  and  65  tout 
respectively  forward  and  aft.  Bot 
these  may  be  safely  neglected,  since 
the  resultant  hogging  moments 
very  small. 
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These  exaggerations  of  strain,  however,  leave  the  character 
of  the  strain  unaltered,  every  transverse  section  being  sub- 
jected to  a  hogging  moment  as  in  still  water. 

Astride  the  wave  hollow,  the  ship  is  subjected  to  entirely 
diflferent  conditions ;  at  both  bow  and  stern  there  is  an  excess 
of  buoyancy  of  about  690  tons,  and  amidships  an  excess  of 
weight  of  1380  tons.  Throughout  the  length  sagging 
strains  have  to  be  resisted;  and  the  maximum  sagging 
moment,  borne  by  a  transverse  section  near  the  middle  of 
the  length,  is  about  74,800  foot-tons. 

Ships  of  the  Devastaiimi  type  gain  upon  the  Minotaur 
class  when  placed  upon  the  wave  crest,  because  the  added 
buoyancy  amidships  is  well  situated  in  relation  to  the  con- 
centrated weights  there  placed.  Hogging  moments  are  then 
experienced  throughout  the  length,  but  they  are  of  mode- 
rate amount  as  compared  with  those  for  the  Minotavr  type. 
When  the  Devastation  floats  on  a  wave  of  her  own  length 
(300  feet  by  20  feet  high) — a  proportionately  steeper  wave 
than  that  assumed  for  the  Minotaur — the  weight  and 
buoyancy  are  distributed  as  follows.  First  37  feet  from  the 
bow,  weight  130  tons  in  excess;  next  34  feet,  buoyancy 
90  tons  in  excess ;  next  35  feet  (under  fore  turret),  weight 
580  tons  in  excess ;  next  84  feet  (in  wake  of  wave  crest), 
buoyancy  940  tons  in  excess ;  next  22  feet,  weight  (under 
after  turret)  IGO  tons  in  excess ;  next  37  feet,  buoyancy  260 
tons  in  excess ;  and  thence  to  the  stern,  weight  420  tons  in 
excess.  This  case  is  more  complicated  than  that  of  the 
Minotaur  type,  just  as  it  has  been  shown  to  be  in  still  water. 
But  the  resultant  bending  moments  are  far  less  severe ;  the 
maximum  hogging  moment  amidships  in  the  Devastation  is 
only  one-fourth  (36,800  foot-tons)  that  in  the  Minotaur. 

The  most  critical  case  for  the  Devastation  type  is  that 
when  the  ship  lies  astride  a  wave  hollow,  as  in  Fig.  88.  The 
substitution  of  the  wave  profile  for  the  horizontal  surface  of 
still  water  exaggerates  the  excesses  of  weight  amidships,  while 
the  immersion  of  the  extremities  in  the  wave  slopes  decreases 
or  does  away  with  any  excess  of  weight  existing  there  in 
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still  water.  The  lowness  of  the  freeboard  in  the  Devaator- 
tion  helps  the  ship  in  this  critical  position  ;  the  wave  slopes 
cover  the  extremities  of  the  upper  deck,  the  ship  sinking 
bodily  deeper  into  the  wave  than  if  she  had  a  lofty  bow  and 
stem  like  the  Minotaur  ;  consequently  there  are  less  excesses 
of  buoyancy  at  the  extremities,  as  well  as  less  sagging 
moments  amidships.  The  actual  distribution  of  the  weight 
and  buoyancy  in  this  position  may  be  summarised  as 
follows.*  The  first  80  feet  of  length  from  the  bow,  buoyancy 
920  tons  in  excess ;  the  first  95  feet  of  length  from  the 
stem,  buoyancy  880  tons  in  excess ;  on  the  midship  length 
of  about  135  feet,  weight  1800  tons  in  excess.  These  are 
considerable  quantities,  but  compared  with  the  correspond- 
ing figures  for  the  Minotaur  on  a  wave  crest,  they  appear 
moderate.  The  resultant  maximum  sagging  moments  in 
the  Devastation^  experienced  by  a  section  near  the  middle 
of  the  length,  is  51,000  foot-tons;  about  hoo-ihirdM  the 
corresponding  sagging  moment  for  the  Minotaur^  and  a  little 
over  one-third  the  maximum  hogging  moment  for  that  ship. 
It  has  been  previously  remarked  that  the  fidrest  com- 
parison is  that  which  expresses  the  bending  moments  as  a 
fraction  of  the  product  of  the  weight  (W  tons)  into  the 
the  length  (L  feet).  As  a  summary  of  the  forgoing 
remarks  the  following  table  is  given. 


Mftximum  Bending  Moment. 

Mmotawr, 

/W.««. 

On  wave  crest-^hogging 

In  wave  hollow — sagging       .... 
In  still  water 

^xWxL 

^xWxL 
(Hogging) 

34-xWxL 

YTj-^^xWxL 
(Sagging) 

The  vessel  with  weights  concentrated  amidships  is  thus 
shown  to  be  much  the  less  strained ;  and  the  only  additioiial 
remark  that  need  be  made  in  illustration  of  the  contrast  is 


*  See  foot-note  on  page  274. 
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that  the  armour  of  an  ironclad  ship  contributes  great 
assistance  to  the  hull  against  sagging,  as  compared  with  its 
assistance  against  hogging. 

One  circumstance  which  is  apparent  in  the  above  table 
tells  very  greatly  in  favour  of  vessels  with  weights  concen- 
trated amidships ;  viz.  that  there  is  a  much  less  diflference 
between  the  maximum  hogging  and  sagging  strains  ex- 
perienced by  a  vessel  of  the  DevastcUion  type  than  between 
the  corresponding  strains  in  a  vessel  like  the  Minotaur.  The 
rapidity  with  which  these  great  changes  of  straining  actions 
take  place  has  already  been  alluded  to ;  this  contrast  enables 
it  to  be  illustrated.  From  the  time  that  the  Minotaur 
occupies  the  position  shown  in  Fig.  87  to  the  instant  when 
she  may  lie  across  the  hollow  as  in  Fig.  88  will  be  an  interval 
of  only  4  J  seconds  ;  the  straining  actions  at  the  commence- 
ment of  that  brief  interval  tend  to  hog  the  ship  with  a 
moment  of  140,000  foot-tons,  while  at  its  end  their  character 
has  undergone  a  complete  change,  and  they  produce  a 
sagging  moment  of  74,800  foot-tons.  The  sum  of  these 
quantities  —  say  215,000  foot-tons  —  may  be  taken  as  a 
measure  of  the  change  of  bending  moment  occurring  about 
once  in  every  4^  seconds.  In  the  Devastationy  owing  to  her 
less  length,  the  time  interval  between  the  two  extreme 
positions  will  be  less  than  4  seconds ;  the  bending  moment 
changing  from  37,000  foot-tons  (hogging)  to  51,000  foot- 
tons  (sagging),  the  sum  of  the  two  being  about  88,000 
foot-tons,  or  considerably  below  one-half  the  corresponding 
sum  in  the  Minotaur.  As  between  the  two  ships,  the  dif- 
ference is  very  important ;  but  it  will  be  understood  that 
the  present  intention  is  rather  to  deal  with  types  and 
general  principles  than  with  particular  ships.  These 
principles  apply,  moreover,  with  equal  force  to  unarmoured 
vessels  of  war  or  to  non-combatant  vessels.  Mr.  Reed  gives 
the  case  of  her  Majesty's  yacht  Victoria  and  Albert  as  an 
illustration  of  the  type  with  weights  much  concentrated 
amidships,  and  very  fine  as  well  as  lofty  extremities ; 
showing  that  her  condition  is  even  more  opposite  to  that  of 
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the  Minotaur  than  is  that  of  a  central-batteiy  ironclad  like 
the  Bellerophon.  As  many  readers  may  not  have  ready  means 
of  access  to  the  original  paper  of  Mr.  Beed,  his  results  for 
the  BeUerophon  and  the  Victoria  and  Albert  are  appended. 
To  these  we  have  added  the  results  of  a  recent  calculation 
for  a  single-turret  ironclad  ram  somewhat  resembling  her 
Majesty's  ship  Bupert ;  the  length  of  this  vessel  is  256  feet, 
beam  57|  feet,  displacement  5000  tons,* 


Maximum  Bending  Moment. 


On  a  wave  crest — ^hogging 
In  a  wave  hollow — sagging 
In  still  water  .... 


Turret  Ram. 


^  xWxL 
^Y  X  VV  X  L 
^xWxL 


(Hogging) 


Bellerophon. 


^^  X  W  X  L 

TT^xWxL 
(Hogging) 


Victoria  and 
Albert. 


^^xWxL 

^J^xWxL 
(Sagging) 


So  far  as  calculations  have  yet  been  carried,  the  types 
represented  by  the  Minotaur  and  the  Victoria  and  Albert  L'e 
at  opposite  extremes,  and  there  is  reason  to  believe  that  few 
sea-going  ships  will  be  subjected  to  hogging  strains  more 
severe  (in  proportion  to  the  product  of  the  length  by  the 
displacement)  than  is  the  Minotaur,  or  to  more  severe 
sagging  strains  than  is  the  Victoria  and  Albert. 

From  the  best  published  account  of  the  strains  experienced 
by  merchant  ships,  it  appears  that  the  maximum  hogging 
moment  experienced  by  ordinary  steamers,  when  floating  on 
the  crest  of  a  wave  of  their  own  length  and  of  nuaimnm 
steepness,  is  about  ^  of  the  product  of  the  length  by  the 
displacement,  or  about  20  per  cent.  less  than  in  the  Minotaur 
type.  Astride  the  hollow  of  these  waves,  the  mn-igimnTTi  gag- 
ging moment  experienced  is  considered  not  to  exceed  ^ 
of  the  product  of  the  length  into  the  displacement,  nearly 
agreeing  with  the  Minotaur  type.     The  comparative  light- 


•  This  calculation  was  made  under  the  direction  of  the  Author  by  cHie  of 
his  pupils  at  the  Hoyal  Naval  College,  Lieut.  Tuxen,  of  the  Danish  navy. 
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ness  of  the  unarmoured  ends  in  the  merchant  ships  accounts 
for  these  diflferences. 

The  late  Professor  Bankine,  apparently  without  recourse 
to  detailed  calculations  from  actual  ships,  fixed  upon  ^  of 
the  product  of  the  length  by  the  displacement  as  the 
probable  maximum  hogging  moment  experienced  by  a  ship 
on  a  wave  crest,  but  this  is  probably  outside  the  truth.  On 
the  otiier  hand,  he  expressed  the  opinion  that  sagging  strains 
need  never  become  so  important  as  hogging  strains ;  whereas, 
as  we  have  seen,  in  certain  types  of  ships,  the  sagging 
moments  are  the  severest,  and  proportionately  quite  as  great 
as  any  hogging  moments  likely  to  be  experienced  by  any 
types.  These  facts  are  mentioned  in  passing  simply  as  illus- 
trations of  the  risks  run  by  even  the  ablest  investigators  in 
generalising  without  suflScient  data ;  and  on  this  ground,  the 
desirability  of  further  and  more  extensive  investigations  may 
well  be  urged. 

All  the  foregoing  estimates  of  the  relative  distribution  of 
the  weight  and  buoyancy  have  been  made  on  the  supposition 
that  the  ship  is  upright;  but  it  commonly  happens  that, 
in  a  seaway,  a  vessel  rolls  through  large  angles,  while 
subjected  to  longitudinal  bending  strains.  Such  inclinations 
from  the  upright  necessarily  affect  the  distribution  of  the 
buoyancy  along  the  length,  and  without  actual  calculation  it 
is  not  possible  to  ascertain  how  these  changes  may  affect  the 
bending  moments.  It  is,  however,  worthy  of  note  that  the 
hypothetical  cases  in  Figs.  87  and  88  represent  a  ship  bow-on 
to  the  waves ;  the  position  in  which  she  is  likely  to  roll 
comparatively  little.  On  the  other  hand,  if  she  is  broad- 
side-on,  or  nearly  so,  to  the  waves,  and  rolls  considerably  in 
consequence,  the  wave  form  occupies  a  position  relatively  to 
her  length  far  less  likely  to  cause  such  unequal  distribution 
of  the  weight  and  buoyancy  as  is  assumed  in  Figs.  87  and 
88.  When  the  ship  lies  obliquely  to  the  waves,  another 
kind  of  strain  is  developed  concurrently  with  longitudinal 
bending ;  viz.  the  twisting  tendency,  produced  when  the  bow 
is  lying  on  the  8loj)e  of  one  wave  and  the  stern  on  that  of 
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the  next  wave,  the  fore  and  after  parts  of  the  ship  being 
subject  to  forces  tending  to  heel  them  in  opposite  directions. 
But  all  these  are  matters  which  should  influence  the 
structural  arrangements  in  a  degree  subordinate  to  that  of 
the  considerations  which  have  received  most  attention  in  this 
chapter ;  and  they  are  mentioned  here  chiefly  because  in  the 
following  chapter  some  notice  will  be  taken  of  the  manner 
in  which  the  shipbuilder  provides  strength  to  resist  them. 

The  best  authorities  at  present  agree  in  taking  the  ex- 
ceptional positions  illustrated  in  Figs.  87  and  88  as  affording 
fair  comparative  measures  of  the  maximum  longitudinal 
bending  strains  experienced  by  ships.  Some  writers,  in- 
cluding the  late  Sir  W.  Fairbaim,  have,  however,  suggested 
the  propriety  of  giving  to  all  ships  strength  sufficient  to 
resist  the  far  more  severe  bending  strains  produced  when 
vessels  are  aground  and  supported  only  at  the  middle  of  the 
length,  or  at  the  ends.  The  advantage  of  adopting  such  a 
standard  may  well  be  questioned,  seeing  that  the  theoretical 
conditions  of  support — viz.  concentration  of  the  support  at 
points  along  the  length — are  never  likely  to  be  fulfilled,  and 
rarely,  if  ever,  approximated  to.  Many  ships  have  grounded, 
no  doubt,  and  rested  either  at  the  middle  part  only  or  else 
only  at  the  ends ;  but  a  certain  distribution  of  the  support 
has  even  then  been  secured,  and  in  nearly  all  such  cases 
the  vessels  have  remained  partially  water-borne.  Moreover, 
accidents  of  this  kind  are  of  rare  occurrence  to  any  ship, 
and  are  entirely  escaped  by  the  great  majority  of  vessels ; 
besides  which  it  must  be  remembered  that  failure  or  serious 
damage  in  grounding,  &c.  is  far  more  likely  to  result  from 
excessive  local  strains  than  from  bending  strains  experienced 
by  the  ship  as  a  whole.  The  bottoms  of  ships  crush  up,  or 
are  much  damaged,  very  frequently  before  the  structural 
strength  against  bending  strains  is  over-tasked.  On  the 
whole,  therefore,  the  generally  accepted  method  which  deals 
with  ships  afloat  appears  very  much  su|)erior  to  the  alterna- 
tive proposal,  based  upon  the  condition  of  ships  ashore. 
There  are  a  vast  number  of  ships  which  have  been  many 
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years  afloat  on  active  service,  and  have  displayed  no  signs 
of  weakness,  which  would  utterly  fail  under  the  conditions 
which  Sir  W.  Fairbaim  and  others  would  have  imposed ;  for 
it  appears  that,  in  the  extreme  cases  of  support  ashore,  the 
maximum  bending  strains  reach  from  four  to  six  times  the 
maximum  strains  incidental  to  the  extreme  cases  of  support 
amongst  waves.  In  some  of  these  vessels,  no  doubt,  the 
best  distribution  of  material  has  not  been  made,  and  much 
greater  longitudinal  strength  might  be  secured  by  improved 
arrangements  without  increase  in  the  total  weights  of  hull ; 
but  in  most  cases  it  would  appear  an  unnecessary  and  uneco- 
nomical plan  to  provide  a  large  reserve  of  strength  to  meet  a 
contingency  that  may  never  be  encountered,  and  which  would 
necessitate  heavier  hulls  and  decreased  carrying  power. 

Only  a  few  cases  can  be  given,  from  the  many  that  might 
be  quoted,  where  vessels  have  grounded  in  a  tideway  and  been 
left  unsupported  for  considerable  parts  of  their  lengths,  or  have 
stopped  in  launching  and  been  suspended  in  exceptional 
positions.  The  well-known  case  of  the  Northumberland^ 
which  stopped  on  the  launching  ways  at  Millwall  in  1866, 
and  remained  for  a  month  with  one-eighth  of  her  length  un- 
supported, may  be  mentioned,  because  it  has  been  thoroughly 
investigated ;  and  Mr.  Reed  states  that  even  this  exceptional 
position  did  not  develop  such  severe  bending  strains  as 
would  result  from  suspension  on  the  wave  crest.  Had  the 
ship  been  supported  only  at  the  middle,  the  case  would  have 
been  very  diflferent;  as  it  was,  the  ship  maintained  her  form 
unchanged.  A  similar  and  more  recent  case  is  that  of  the 
Brazilian  ironclad  Independenzia^  which  stopped  on  the 
launching  ways ;  her  bottom  crushed  up,  owing  to  the 
concentration  of  the  support  near  the  middle  of  the  length, 
but  we  are  informed  that  the  sheer  was  unbroken,  and  no 
serious  damage  done  to  the  structure.  Very  diflferent  from 
the  condition  of  these  iron  ships  was  that  of  the  wood  line- 
of- battle  ship  Csesar,  which  stopped  in  launching  at  Pembroke 
in  1853,  and  remained  a  fortnight  with  64  feet  of  the  stem 
unsupported  by  the  ways ;  her  stern  dropping  no  less  than 
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2  feet  in  90  feet.  Lastly,  as  a  converse  case,  w©  may  refer  to 
the  Prince  of  Wales,  an  iron  steamer,  which  was  left  for  some 
time,  owing  to  an  accident,  supported  at  the  ends  only,  her 
bow  on  the  edge  of  a  wharf,  and  her  stem  in  the  water ;  she 
also  was  uninjured.*  In  none  of  these  instances  were  the 
extreme  conditions  of  suspension  at  the  ends  or  middle 
realised,  nor  are  they  likely  to  be  so. 

In  concluding  this  part  of  the  subject,  it  is  desirable 
to  glance  once  more  at  the  conditions  of  strain  in  ships 
subjected  to  longitudinal  bending  moments ;  for  the 
character  of  such  strains  is  not  affected  by  changes  in  the 
magnitude  of  the  bending  moment ;  the  intensity  of  the 
strains  is  alone  affected.  When  a  ship  hogs,  the  ends 
dropping  relatively  to  the  middle,  the  upper  parts  of  her 
structure  tend  to  become  stretched,  Le.  they  are  subjected 
to  tensile  strains,  while  the  lower  parts  are  subjected  to 
compressive  strains ;  and  somewhere  near  the  middle  of  the 
depth  there  is  a  part  of  the  structure  subjected  neither  to 
tensile  nor  compressive  strains.  Conversely,  when  a  ship 
astride  a  wave  hollow  is  subjected  to  sagging  moments 
throughout  her  length,  the  lower  parts  are  subjected  to 
tensile  strains,  and  the  upper  parts  to  compressive  strains, 
the  parts  near  the  mid-depth  again  being  free  from  strain. 
These  two  cases  are  practically  of  the  greatest  importance, 
because  the  strains  of  all  classes  of  ships,  when  floating 
amongst  waves,  may  be  grouped  under  them,  no  matter  what 
the  still-water  distribution  of  weight  and  buoyancy  may  be, 
and  the  wave-water  strains  are  considerably  greater  than  the 
still-water  strains.  It  is  worthy  of  note,  however,  that,  when 
a  ship  is  subjected  for  a  portion  of  her  length  to  hogging 
strains,  and  for  the  remaining  portion  to  sagging  strains — 
a  condition  exemplified  by  the  Devastation  in  Fig.  86 — then 
the  upper  decks  and  topsides  of  those  parts  subjected  to 

♦  For  much  interesting  informa-  work  on  Iron    Shipbuilding^   and 
tion  luaring    on    the   subject,  see  Sir    W.     Fairbairn's    Iron    Ship- 
Shipbuilding   in    Iron   and   Steely  building, 
by    Mr.    Reed ;    Mr.    Grantham's 


CHAP.  VIII.    STRAINS  EXPERIENCED  BY  SHIPS. 


2^83 


hogging  moments  tend  to  stretch,  whereas  they  are  subject 
to  compressiye  strains  at  the  parts  subjected  to  sagging 
moments.  At  those  athwartship  sections  of  such  a  ship 
corresponding  to  the  points  <?,  <?  in  Fig.  86,  where  the  curve 
of  moments  MMM  crosses  the  base-line  AB,  no  bending 
moments  exist,  and  consequently  there  is  no  development 
of  either  tensile  or  compressive  strains.  These  general  con- 
siderations must  suffice  for  the  present ;  in  the  following 
chapter  we  shall  investigate  more  fully  the  character  and 
magnitude  of  the  strains  resulting  from  longitudinal  bending 
moments,  as  well  as  the  manner  in  which  these  strains  are 
resisted  by  the  structure  of  a  ship. 


Attention  will  next  be  turned  to  the  causes  and  character 
of  the  chief  strains  tending  to  produce  changes  in  the 
transverse  forms  of  ships. 

The  most  severe  transverse  bending  likely  to  be  ex- 
perienced bp  a  ship  at  rest  is  th^t  resulting  from  grounding 
or  being  docked.  Fig.  89  will  illustrate  this  case.  Suppose 
that,  for  an  instant. 


FIC.89. 


the  vessel  is  wholly 
supported  on  her 
keel;  then  the  blocks 
or  the  ground  must 
furnish  an  upward 
pressure  to  balance 
the  total  weight  of 
ship  and  lading,  and 
this  is  indicated  in 
the  diagram  by  2  W 
acting  vertically.  Con- 
sidering each  side  of 

the  ship  to  bear  an  equal  load,  the  total  of  hull  and 
lading  for  one  side  of  the  ship  is  W,  a  downward 
pressure  acting  through  g,  the  centre  of  gravity  of  the 
hull  and  lading  of  that  side.  The  transverse  distance 
of  g  from  the  longitudinal  middle  plane  of  the  ship  depends. 
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of  course,  on  the  distribution,  in  a  transverse  sense,  of  the 
weights  carried.  If  these  weights  are  placed  centrally,  g  will 
lie  much  nearer  to  the  middle  plane  than  if  the  weights  are 
"  winged  " — carried  far  away  from  the  middle.  For  instance, 
in  an  armoured  ship  several  hundred  tons  of  armour  may  be 
carried  on  the  broadside,  and  a  great  weight  of  coal  in  the 
wings ;  in  which  case  g  will  lie  far  out.  On  the  other  hand, 
a  merchant  ship  may  have  her  cargo — say  of  rails  or  heavy 
materials — stowed  almost  at  the  centre,  along  over  the  keel ; 
in  which  case  g  wUl  lie  near  the  middle  plane.  When  the 
distribution  of  the  weights  is  known,  the  position  of  g 
can  be  determined;  the  transverse  bending  moment  will 
(under  the  conditions  assumed)  equal  the  product  of  W  into 
the  distance  of  g  from  the  middle  plane.  This  moment 
tends  to  make  the  bilges  drop  relatively  to  the  middle,  and 
to  break  oflf  the  ribs  of  the  ship  at  the  middle  line. 

This  is  an  extreme  case,  not  often  realised  perhaps,  but 
sometimes  occurring.  A  ship  left  aground  by  the  retreating 
tide  is  either  likely  to  remain  partially  water-borne  or 
else,  when  left  high  and  dry,  she  will  "  loll "  over  and  rest  on 
one  of  her  bilges  as  well  as  on  the  keel.  A  ship,  when 
docked,  is  generally  supported  by  shores  as  the  water  leaves 
her ;  so  that  the  upward  pressure  from  the  blocks  is  not 
equal  to  the  total  weight,  nor  is  the  transverse  bending 
moment  nearly  so  severe  when  the  shores  take  part  of  the 
weight.  It  is,  however,  certain  that  ships  in  dock,  especially 
wood-built  ironclad  ships,  require  to  be  very  carefully 
supported  by  shores,  in  order  to  prevent  changes  of  transverse 
form ;  and  many  cases  are  on  record  where  such  changes 
have  actually  taken  place.  The  converted  ironclads  of  the 
Royal  Navy  have,  for  example,  been  found  to  "break" 
transversely  when  in  dock,  even  when  well  shored ;  and  it 
has  been  suggested  to  use  bilge-blocks  in  order  to  lessen  the 
strains.  Such  blocks  have  been  used  for  this  purpose,  both 
in  this  coimtry  and  abroad,  in  vessels  of  unusual  form.  The 
American  monitors  are  said  to  be  thus  suppoiied  when  in 
dock ;  and  the  flat-lx)ttomed  floating  batteries  built  for  the 
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Roval  Navy  during  the  Orimpan  War  were  docked  on  bilt;e 
as  well  as  central  blocks.  The  reduction  of  transverse 
beading  strains  by  these  special  supports  is  easily  ex- 
plained ;  for  instead  of  an  upward  pressure  W  at  the  middle 
line  and  the  downward  force  W  forming  a  couple,  the 
resultant  of  the  pressure  on  the  keel-blocks  and  bilge- 
blocks  will  necessarily  lie  eomo  distance  out  from  the  middle, 
and  closer  to  the  line  of  action  of  the  downward  force  W. 

Ships  afloat  in  still  water  are  not  strained  so  severely 
as  vessels  supported 

on  the  keel  only ;  for  p|Q  gQ 

a  reason  very  similar 
to  that  just  given. 
Fig.  90  illustrates 
this  case.  Taking 
one  half  the  ship 
separatel  y,  its  weigh  t 
W  acts  through  g, 
as  before  explained ; 
but  the  support  W  is 
Dowrurmshed  by  the 
buoyancy  of  that  half  of  the  ship  acting  upwards  through 
h,  the  centre  of  buoyancy  for  that  half.  Probably  the  case 
illustrated  in  the  diagram  is  the  most  common,  g  lying 
further  Irom  the  middle  than  h;  but  in  some  ships  with 
great  weights  of  cargo  stowed  centrally  over  the  keel,  it  is 
conceivable  that  the  relative  positions  of  g  and  h  may  be 
reversed,  g  lying  nearer  to  the  middle  of  the  ship. 

The  horizontal  fluid  pressures  also  contribute  towards 
producing  changes  of  transverse  form.  The  presaures  P,  P 
in  Fig.  90  are  equal  and  opposite  when  the  ship  is  at  rest ; 
but  as  she  is  not  a  rigid  body,  or  a  solid,  she  tendt  to 
become  compressed  by  the  equal  and  opposite  pressures. 
This  is  a  parallel  case  to  that  given  before  for  longitudinal 
bending  strains ;  only  here  the  pressures  are  much  greater 
than  for  longitudinal  strains.  For  example,  Mr,  Beed 
estimates  that  in  the  Minotaur  the  longitudinal  pressures 
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amount  to  abont  400  tons,  whereas  we  find  on  calcnlatioB 
tliat  the  transverse  pressures  would  probably  amount  to 
3500  tons.  The  transverse  pressures  P,  P  may  be  con- 
sidered to  act  along  lines  at  a  depth  below  water  equal 
to  about  two-thirds  of  the  mean  draughts  when  the  ship 
is  upright  When  she  is  incUned,  similar,  but  possibly 
more  severe,  compressive  strains  will  be  caused  by  the  fluid 
pressures,  the  tendency  being  to  force  the  bilges  inwaids, 
and  thus  to  distort  the  transverse  form. 

The  most  marked  indications  of  these  compressive  strains 
are  usually  to  be  found  near  the  extremities,  where  the  sides 
are  flat  and  nearly  upright.  Many  instances  have  been 
noted  where  ^^  panting,"  as  it  is  termed,  has  taken  place  in 
those  parts  of  badly  constructed  ships,  the  sides  moving  in 
and  out  under  varying  conditions.  Such  changes  of  form 
are,  however,  very  easily  prevented  by  simple  structural 
arrangements,  as  wiU  be  shown  further  on. 

Boiling  oscillations  lead  to  a  great  increase  in  the  strains 
tending  to  alter  the  transverse  forms  of  ships.  This  will 
be  obvious,  from  the  remarks  previously  made  respecting 
the  accelerating  forces  developed  during  rolling,  and  the 
changes  in  magnitude  and   direction   which  these  forces 

undergodaringthe 
PIQ^  gi  motion.*       When 

the  range  of  the 
oscillation  is 
known,  and  the 
conditions  of 
statical  stability 
have  been  ascer- 
tained for  the  ship 
it  is  possible  to 
approximate  to 
the  racking  strains 
produced  ;  but  their  general  character  can  be  understood 
apart  from  calculation.     Referring  to  Fig.  91,  the  cro6»- 

*  Sec  page  207. 


CHAP.  VIII.    STRAINS  EXPERIENCED  BY  SHIPS.         287 

section  of  a  ship  will  be  seen  in  an  inclined  position,  repre- 
senting the  extreme  angle  of  heel  attained  .when  rolling. 
When  the  motion  ceases,  the  accelerating  forces  reach  their 
maximum  value,  and  their  straining  effect  is  greatest.  This 
straining  action  tends  to  distort  the  form  of  the  trans- 
verse section  as  indicated  in  dotted  lines,  changing  from 
A6GD  {dravm  lines)  to  ahcd  {dotted  lines).  At  the 
angle  B  there  is  a  tendency  to  make  the  inclination  of 
the  deck  to  the  side  an  acvie  angle;  on  the  opposite 
side,  at  A,  there  is  a  tendency  to  make  the  correspond- 
ing angle  obtuse.  At  the  bilges  corresponding  changes  are 
indicated ;  the  general  character  of  the  change  may 
be  described  as  resulting  from  the  tendency  of  the  parts 
to  keep  moving  on  in  the  direction  in  which  they 
were  moving  before  the  maximum  heel  was  reached.* 
Experience  fully  confirms  the  theoretical  deduction,  that 
rolling  motion  develops  straining  forces  tending  to  change 
the  angles  made  by  the  decks  with  the  sides.  In  wood 
ships,  working  at  the  beam-arms  is  very  common  during 
heavy  rolling  at  sea.  Beam-knee  fastenings  work  loose, 
and  other  indications  of  strain  or  working  occur.  At  the 
bilges  also  in  wood-built  steam-ships,  working  sometimes 
takes  place  during  rolling,  and  unless  precautions  are  taken, 
pipes,  &c.  will  be  broken  at  the  joints,  or  disturbed  by  the 
change  of  form ;  in  fact,  the  attention  that  has  been 
bestowed  by  practical  shipbuilders  upon  beam-knees  and 
other  fastenings  intended  to  secure  rigidity  of  transverse 
form  can  scarcely  be  paralleled  from  any  other  part  of  the 
structure. 

The  racking  strains  produced  by  rolling  have  their  effect 
greatly  enhanced  by  the  changes  in  direction  and  intensity 
occurring  during  each  oscillation ;  and  hence  it  is  that  the 
range  of  oscillation  as  well  as  the  period  are  such  important 
elements  in  a  comparison  of  the  transverse  racking  strains 


*  It  will  be  understood  that  in  Fig.  91  the  distortion  is  very  much 
exaggerated  for  the  sake  of  illustrating  the  tendency. 


288  NAVAL  ARCHITECTURE,  chap.  viii. 

experienced  by  two  ships.  Allusion  has  already  been  made 
to  this  in  discussing  the  behaviour  of  ships  at  sea,  bnt  it 
is  desirable  to  further  illustrate  the  matter,  and  for  this 
purpose  it  is  necessary  to  make  use  of  an  approximate 
rule  for  the  maximum  value  of  these  racking  strains.  The 
late  Professor  Rankine,  whose  labours  in  connection  with 
naval  architecture  were  worthy  of  his  high  reputation  in 
other  branches  of  research,  has  proposed  such  an  approximate 
rule,  which  is  as  follows : — * 

1^         .     P       ,.  ™  f  Righting  moment  for 

Moment  of  rackmff  \  D^  I      °      .  °        i     i     x 

x.  \  =  ^1  .  TO  X  i      maximum  heel  at- 

forces  .     .      .     .  I       D^  +  B*       (      .  .     j 

\      tamed, 

where     D  =  total  depth  of  ship  from  upper  deck  to  keel, 
B  =  breadth  of  ship. 

Applying  this  rule  to  two  typical  ships,  one  having*  a 
short  period  like  the  Prince  Consort  class,  and  another 
having  a  long  period  like  the  Hercules  class,  a  remarkable 
contrast  becomes  apparent.  Actual  observations  show  that 
the  Herctdes  only  rolled  15  degrees  on  each  side  of  the  upright 
when  a  converted  ironclad  was  rolling  30  degrees  each  way. 
Suppose  these  figures  to  be  used.   For  these  two  vessels,  B  and 

D,  are  approximately  equal,  the  ratio  -p.^     .  ^  being  about 

1  to  3  for  each  ship.  Assuming  this  ratio  to  be  used, 
it  is  found  that  the  moment  of  racking  forces  at  the  extreme 
of  the  heavy  roll  of  the  Prince  Consort  would  be  about  7000 
foot-tons,  and  the  corresponding  moment  at  the  extreme  of  the 
moderate  heel  of  the  Hercules  would  be  about  one-third  as 
great.  The  Prince  Consort  has  a  period  of  about  5  seconds  ; 
consequently,  twelve  times  every  minute  a  racking  moment 
of  the  amount  stated  wUl  be  acting  upon  her  structure,  and 
at  intervals  of  5  seconds  the  distortion  will  tend  to  take 
place   in  opposite  directions.      In  the    Hercules,    with    a 


*  .See  page  155  of  Shipbuilding j  Theoretical  and  Practical. 
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period  of  about  8  seconds,  a  racking  moment  less  than 
one-third  the  amount  of  that  in  the  Prince  Consort  will  be 
acting  only  seven  times  every  minute,  and  the  tendency 
to  distort  will  change  its  direction  at  intervals  of  about  8 
seconds.  The  less  frequent  change  of  strain  and  the 
diminished  moment  tell  greatly  in  favour  of  the  slower- 
moving  and  steadier  ship. .  What  has  here  been  shown  to 
hold  good  for  particular  ships  holds  good  also  for  ships  in 
general.  Lengthening  the  period  of  still-water  oscillations 
not  merely  makes  ships  steadier  in  a  seaway,  but  greatly 
reduces  the  effect  of  strains  tending  to  produce  changes 
in  the  transverse  forms,  or  damage  to  the  masts  and  rigging. 
Deep-rolling  ships  are  also  the  quickest  in  their  motions, 
and  require  the  greatest  strength  in  hull  and  equipment. 

Little  need  be  said  respecting  the  strains  produced  by  the 
propelling  apparatus  upon  the  structure  of  a  ship  considered 
as  a  whole,  although  this  third  class  of  strains  is  by 
no  means  unimportant.  When  a  ship  is  propelled  by  sails, 
the  effective  wind  pressure  may  be  resolved  into  two  parts : 
one  acting  longitudinally  and  constituting  a  "  thrust "  which 
propels  the  vessel  on  her  course;  the  other  acting  trans- 
versely, producing  leeway  and  an  angle  of  steady  lieel. 
When  the  motion  of  the  vessel  is  uniform,  the  longitudinal 
thrust  exactly  balances  the  fluid  resistance  to  the  motion 
ahead ;  the  thrust  and  resistance  form  a  mechanical  couple ; 
and  the  **  centre  of  effort "  of  the  sails,  where  the  resultant 
thrust  may  be  supposed  to  be  delivered,  will  be  at  a 
great  height  above  the  line  of  action  of  the  fluid  resistance. 
This  couple  by  its  action  must  produce  two  effects  on  the 
ship :  first,  a  change  of  trim — deeper  immersion  by  the  bow 
— corresponding  to  its  moment;*  second,  a  longitudinal 
racking  action  upon  the  structure  of  the  ship.  The  character 
of  this  racking  action  may  be  simply  illustrated  by  taking 


*  For   the  principles  upon  which  the  calculation  of  this   trim  would 
be  hase<l,  see  Chapter  III.  jiage  89. 
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a  rectangular  frame  formed  of  four  pieces  of  wood,  joined 
to  one  another  at  the  angles,  and  supposing  either  pair  of 
its  parallel  sides  to  be  acted  upon  by  force.^  equal  in 
magnitude,  but  opposite  in  direction.  Obviously,  the  rect- 
angle would  become  distorted  into  a  rhomboid,  unless  the 
connections  were  very  strong ;  but  by  means  of  a  diagonal 
tie,  like  that  on  an  ordinary  field-gate,  this  racking  or 
change  of  form  may  be  very  easily  prevented.  The 
corresponding  tendency  in  ships  is  also  unimportant,  because 
of  the  large  reserve  of  structural  strength  to  resist  such 
strains. 

The  heeling  produced  by  the  transverse  component  of 

the  wind  pressure  has  al- 
ready been  investigated ;  * 
it  has  been  shown  to  result 
from  the  moment  of  the 
couple  formed  by  tiie  wind 
pressure  (P,  Fig:  92)  and 
the  equal  and  opposite  re- 
sistance of  the  fluid  when 
the  drift  to  leeward  has 
become  uniform.  This 
couple  must  prodnoe  a 
tendency  to  distort  the 
transverse  form  of  the  ahip, 
and  the  character  of  the 
distortion  which  it  tends 
to  produce  will /be  betttf 
seen  from  the  following  oon- 
siderations.  The  shiondB 
on  the  windward  side  will 
be  taut,  and  have  a  tension 
T  upon  them.  If  a  be  the 
angle  of  the  shronds  with 
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the  vertical,  and  the  pressure  P  acts  horizontally  (by  the 


♦  See  paize  62 ;  for  further  explanations  see  Chapter  XIL 
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parallelogram  of  forces),  T  =  P  cosec  a.  This  tension  has 
to  be  resisted,  primarily,  by  the  strongly  constructed 
channels  and  chain-plates,  through  the  connections  of 
which  it  is  transmitted  to  the  hull.  It  also  gives  rise 
to  a  thrust  delivered  by  the  mast  upon  its  step;  and 
when  the  angle  of  the  shroud  with  the  mast  is  known,  say 
;8,  Q  =  T  cos  /3  is  an  equation,  giving  Q  in  terms  of  T ; 
thence  Q  can  be  expressed  in  terms  of  P,  the  transverse 
component  of  the  effective  wind  pressure.  The  pull  of 
the  shrouds  on  the  chain-plates  (at  S,  Fig.  92)  is  also 
resolvable  into  two  components :  Q,  acting  parallel  to  the 
thrust  of  the  mast,  and  P,  acting  parallel  to  the  resistance 
to  leeway.  The  couples  thus  formed  tend  to  produce 
changes  of  transverse  form,  and  their  separate  racking 
tendencies  will  be  easily  distinguished ;  the  thrust  couple 
predominates  over  the  other.  Professor  Bankine  estimated 
the  probable  maximum  bending  moment  of  these  forces 
at  one-half  the  moment  of  stati(*al  stability  corresponding 
to  the  angle  of  steady  heel ;  and  on  applying  to  the  fore- 
going expressions  the  average  values  of  the  angles  of 
shrouds  with  the  masts,  it  will  appear  that  this  estimate 
is  a  fair  one.  Even  for  the  largest  ships  the  angle 
of  steady  heel  corresponding  to  the  full  spread  of  sail 
is,  however,  so  small  as  to  make  this  bending  moment 
practically  imimportant  as  regards  its  effect  upon  the  ship 
considered  as  a  whole.  But  the  necessity  for  careful  con- 
nections at  the  channels  and  chain-plates  is  a  point  of 
great  practical  importance,  being  a  provision  for  a  local 
strain;  and  the  proper  construction  and  staying  of  the 
masts  in  a  sailing  ship  is  also  a  matter  requiring  careful 
arrangement 

The  foregoing  remarks  are  based  exclusively  upon  statical 
considerations,  the  wind  pressure  being  assumed  constant 
and  the  angle  of  heel  steady.  It  must  not  be  forgotten, 
however,  that  very  much  more  serious  consequences  may 
result  from  the  action  of  gusts,  or  squalls  of  wind,  applied 
suddenly;    and  to   the   rolling   and   lurching  which   take 
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place  when  ships  arc  among  waves.*  Such  great  and 
variable  strains,  of  which  the  amounts  are  not  easily  ascer- 
tainable by  any  general  law,  can  only  be  met  by  the  most 
careful  construction  of  the  masts,  and  selection,  as  well  as 
arrangement,  of  the  rigging.  Neglect  of  proper  precautions 
has  very  frequently  led  to  the  dismasting  of  sailing  ships, 
especially  those  built  of  iron  and  with  iron  masts,  in  the 
mercantile  marine.  Within  the  last  two  or  three  years  the 
subject  has  become  so  important  as  to  receive  special 
attention  from  the  Committee  of  Lloyd's  Registry,  whose 
rules  exercise  so  great  an  influence  upon  the  construction 
of  merchant  ships.  In  the  Royal  Navy  accidents  of  this  kind 
are  scarcely  known,  every  care  being  taken  to  prevent  them. 
Masts  must  have  considerable  strength  in  themselves  to  resist 
both  the  bending  strains  tending  to  break  them  off  near  the 
deck  and  the  compressive  strains  due  to  the  thrust  produced 
by  the  tension  of  the  shrouds;  they  must  be  associated 
with  strong  shrouds  and  stays,  having  a  good  spread  (i.e. 
making  as  large  an  angle  as  possible  with  the  mast),  and 
these  must  be  weU  secured  to  the  sides  of  the  ship  by 
channels,  chain-plates,  &c.  The  details  of  all  such  arrange- 
ments are,  however,  settled  rather  by  comparative  methods 
than  by  purely  scientific  methods.  The  particulars  of  ships 
which  have  borne  successfully  the  strain  and  stre-ss  of 
service  are  made  the  basis  of  corresponding  features  in 
other  ships ;  and  where  special  causes  intervene,  special 
precautions  are  taken.  For  example,  in  her  Majesty's  ship 
Monarchy  where  it  was  desirable  to  remove  all  possible  ob- 
stacles to  the  fire  of  the  turret  gims,  the  masts  were  made  of 
exceptional  size  and  strength,  in  order  that  they  might  be 
capable  of  standing  with  fewer  shrouds  than  usual  when  the 
ship  was  cleared  for  action.  In  other  ships,  where  the 
spread  of  the  rigging  has  been  less  than  usual,  the  shrouds 
have    been    made    exceptionally    strong.        Rigid    tripod 


*  See  the  remarks  on  wind  squalls  at  page  139,  and  also  refer  to  the 
ilinstration  of  transverse  straining  due  to  renction  in  rolling  at  i>age  288. 
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supports  to  the  masts  have  also  been  iiseH,  instead  of 
numerous  wire  shrouds,  in  turret-ships  and  vessels  wherein 
an  unusual  horizontal  range  of  fire  for  the  guns  was  desired. 
This  plan  was  adopted  in  the  Captain,  Such  precautions 
are,  however,  local  and  special,  not  affecting  the  structure 
of  the  ship  ;  and  they  are  only  mentioned,  in  passing,  because 
of  their  great  practical  importance,  limits  of  space  prevent- 
ing any  separate  discussion  of  the  subject. 

With  steam  as  the  propelling  agent,  the  case  is  simpler 
than  with  sails.  The  thrust  of  the  propeller  will  usually  be 
delivered  in  the  direction  of  the  course  of  the  ship,  and  will 
therefore  have  no  transverse  component ;  moreover,  the  line 
of  action  of  that  thrust  will  lie  very  much  closer  than  it 
does  with  sail  power  to  the  line  of  action  of  the  fluid 
resistance;  consequently  the  tendency  to  produce  longitu- 
dinal racking  or  distortion  of  form  will  bs  very  much 
lessened.  When  the  screw  is  employed,  the  line  of  thrust 
for  the  propeller  approximates  to  coincidence  with  the  line 
of  action  of  the  resistance ;  and  even  when  paddles,  or  jet 
propellers,  are  used,  the  thrust  is  delivered  at  a  com- 
paratively small  height  above  the  line  of  action  of  the 
resultant  resistance.  It  is '  imnecessary,  therefore,  to  add 
any  further  remarks  on  this  part  of  the  subject,  the  ship 
considered  as  a  whole  being  but  little  strained  by  the 
propelling  apparatus. 

The  last  class  of  strains  to  be  considered  are  those  grouped 
under  the  head  of  local  strains  in  our  classification.  Of 
these,  there  is  such  a  great  number  and  variety  that  an 
exhaustive  treatment  of  the  subject  will  scarcely  be  found 
in  works  on  shipbuilding ;  and  all  that  can  be  done  in  the 
present  sketch  is  to  select  a  few  of  the  principal  types, 
indicating  the  causes  and  character  of  the  strains.  As  a 
matter  of  convenience,  we  shall  adjoin,  in  each  case,  a  brief 
accoimt  of  the  arrangements  by  which  the  strain  is  pre- 
vented from  producing  local  damage  or  failure. 

At   the   outset   it   mav  be  well  to  note  that  the  same 
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circumstances  which  have  already  been  mentioned  as  pro- 
ducing strains  upon  a  ship  considered  as  a  whole  may  and 
do  produce  severe  local  strains.  For  example,  a  heavy  load 
concentrated  in  a  short  length,  not  merely  contributes  to 
the  longitudinal  bending  moment  previously  described, 
but  also  tends  to  push  outwards  that  part  of  the  bottom 
upon  which  it  rests.  Similarly,  the  thrust  of  a  screw 
propeller  not  only  tends  to  rack  the  ship  as  a  whole,  but 
produces  considerable  local  strain  on  that  part  of  the  ship 
to  which  the  "thrust-bearer"  is  attached.  Again,  the 
downward  thrust  of  a  mast,  besides  tending  to  alter  the 
transverse  form  of  the  ship  as  a  whole,  produces  a  considerable 
local  strain  on  the  step,  and  on  the  frame  of  the  ship  which 
carries  the  step.  And  these  are  only  a  few  illustrations  of  a 
general  principle.  When  the  ship  is  treated  as  a  whole,  it 
is  virtually  assumed  that  these  local  strains  have  been 
provided  against ;  so  that  the  various  parts  of  the  stmctuie 
can  act  together  and  lend  mutual  assistance.  As  a  matter 
of  fact,  however,  it  is  not  at  all  imcommon  to  find  local 
failure  supervening  long  before  the  limit  of  the  strength 
of  a  ship  considered  as  a  whole  has  been  realised.  The 
ca<je  of  the  Independenziay  previously  quoted,  well  illustrates 
this ;  when  she  stopped  in  laimching,  her  general  stmctural 
strength  was  ample  even  against  the  severe  bending  moments 
experienced;  but  while  her  longitudinal  form  remained 
almost  unchanged,  the  very  exceptional  local  strains  on  a 
small  portion  of  the  bottom  forced  it  inwards,  disturbing 
the  decks,  &c.  above  it.  Many  similar  examples  might  be 
added,  but  enough  has  been  said  to  show  how  important  it 
is  to  provide  carefully  against  local  strains  in  arranging  the 
structure  of  a  ship. 

One  of  the  chief  causes  of  local  straining  has  already  been 
mentioned ;  viz.  a  great  concentration  of  loads  at  certain 
parts  of  a  ship ;  and  the  converse  case  is  also  important — 
that  where  there  is  a  great  excess  of  buoyancy  on  a  short 
length.  Examples  have  been  given  of  such  concentration  of 
loads ;  one  of  the  most  notable  is  that  for  the  DevasUiUoimy 
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in  wake  of  the  tiilrets  (see  Fig.  85),  where  there  is  an 
excess  of  weight  over  buoyancy  of  550  tons  on  a  length 
of  about  30  feet.  Still  more  concentrated  is  the  load 
of  armour  on  a  battery  bulkhead,  weighing  perhaps  60 
or  80  tons,  and  lying  athwartships.  Immediately  in  wake 
of  such  concentrated  loads  the  bottom  tends  to  move 
outwards  from  its  true  shape;  the  local  strain  which  is 
developed  tending  to  produce  simultaneously  both  longitu- 
dinal and  transverse  change  of  form.  Many  similar  causes 
of  straining  will  occur  to  the  reader ;  it  is  only  necessary 
to  mention  the  cases  of  a  vessel  with  a  heavy  cargo,  like 
railway  iron,  stowed  compactly,  or  of  a  vessel  with  heavy 
machinery  carried  on  a  short  length  of  the  ship,  or  of 
the  parts  adjacent  to  the  mast  step  of  a  sailing  ship. 

Surplus  buoyancy  on  a  ship  afloat  is  not  usually  found 
so  much  concentrated  as  surplus  weight;  but  in  some 
instances  the  excess  of  buoyancy  produces  a  considerable 
local  strain  tending  to  force  the  bottom  upwards.  When  a 
ship  grounds,  her  supports  are  often  so  few  and  small  that 
the  bottom  cannot  withstand  the  concentrated  upward  pressure, 
which  then  produces  considerable  local  damage.  This  is, 
however,  an  uncommon  case,  and  one  which  the  shipbuilder 
can  scarcely  hope  to  provide  against  satisfactorily. 

To  prevent  local  deformations  of  the  bottom  in  wake  of 
excesses    either    of   weight  or  buoyancy,  the  shipbuilder 
employs  a  very  simple  and  well-known  device.    The  con- 
centrated load  or  support  is  virtually  distributed  over  a 
considerable  length  by  means  of  strong  longitudinal  keelsons, 
bearers,  &c.   In  not  a  few  cases  these  longitudinsd  pieces  are 
additions  to  the  main  framing  or  structure  of  the  ship; 
in  other  cases  they  form  part  of  the  main  structure,  being 
effective  against  the  principal  strains  as  well  as  against  local 
strains.     The   latter   plan  is  preferable,  where   it  can  be 
adopted,  favouring,  as  it  does,  lightness  and  simplicity  of 
construction.    These  longitudinal  bearers  and  strengthenings 
can  only  distribute  loads  or  upward  pressures  when  they 
are   individually  possessed  of  considerable   strength;   and 
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this  is  easily  secured.  Generally  the  longitudinals  must 
be  continued  through  a  length  su£Scient  to  connect  and 
secure  the  mutual  action  of  parts  where  there  is  an  excess  of 
weight  with  others  where  there  is  an  excess  of  buoyancy. 
But  in  very  many  ships,  and  especially  in  iron  ships,  there 
are  cross-sections,  like  those  at  bulkheads,  where  sdteration 
of  the  form  is  scarcely  possible.  In  such  cases  the  bearers 
distributing  a  concentrated  load  or  pressure  frequently  extend 
from  one  of  the  strong  cross-sections  to  the  next :  just  as 
the  girders  of  a  bridge  extend  from  pier  to  pier,  and,  if  they 
are  made  sufficiently  strong,  can  transmit  a  concentrated 
load  placed  midway  between  the  piers  to  those  supports 
without  any  sensible  change  of  form. 

The  Great  Eastern  furnishes  a  good  example  of  the  last- 
mentioned  arrangement.  In  the  lower  half  of  her  structure 
there  is  very  little  transverse  framing.  Numerous  and 
strong  transverse  bulkheads  supply  the  strength  requisite 
to  maintain  the  transverse  form  unchanged.  Strong  girders, 
or  frames,  extend  longitudinally  from  bulkhoad  to  bulkhead, 
and  transmit  the  strength  of  the  bulkheads  to  the  parts 
lying  between  them.  Arrangements  of  a  similar,  but  not 
identical,  character  are  also  made  in  the  ironclad  ships  of 
the  Royal  Navy,  and  will  be  illustrated  in  the  following 
chapter.*  The  engine  and  boiler  bearers  in  many  iron 
steamers  are  also  arranged  on  this  principle. 

Vessels  with  few  transverse  bulkheads,  or  with  none,  have 
strong  keelsons,  binding  strakes,  stringers,  and  other  longi- 
tudinal strengthenings  on  the  flat  of  the  bottom  below  the 
bilges,  these  pieces  distributing  loads  and  adding  to  the 
structural  strength.  This  is  the  common  arrangement  in 
wooden  ships  of  all  classes,  as  well  £is  in  iron  sailing  ships. 
Becently,  however,  in  the  wood-built  ships  of  the  Boyal 
Navy  and  the  French  navy  iron  bulkheads  have  been 
constructed,  and,  in  some  cases,  iron  bearers  and  keelsons 
have  been  fitted.     The  wood-built  Ameriain  river  steamers 
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furnish  curious  illustrations  of  the  connection  of  parts  of  a 
ship  having  surplus  buoyancy  with  others  having  surplus 
weight.  Besides  strong  longitudinal  keelsons,  the  builders 
have  recourse  to  the  "  mast-and-guy  "  system.  Poles  or 
masts  are  erected  at  parts  of  the  structure  having  surplus 
buoyancy;  these  masts  are  stepped  upon  strong  timber 
keelsons.  Chain  or  rod-iron  guys  are  then  secured  to  the 
heads  of  the  masts  and  connected  at  their  lower  ends  to  parts 
of  the  vessel  where  considerable  weights  are  concentrated, 
thus  hanging  these  parts  on,  as  it  were,  to  the  buoyant 
parts.  In  this  fashion,  the  long  fine  bows  and  sterns  are 
prevented  from  dropping ;  and,  in  wake  of  the  machinery, 
tendencies  to  alter  transverse  form  are  similarly  resisted. 
Such  arrangements  are,  of  course,  only  applicable  to  vessels 
employed  in  smooth  water,  not  subjected  to  the  changes  of 
strain  to  which  sea-going  ships  are  liable.  The  guy-rods  can 
transmit  tension,  but  not  thrust;  and  the  plan  is  said  to 
have  answered  admirably  in  these  long  fine  vessels,  having 
great  engine-power  and  high  speed. 

Grounding  is  another  cause  of  more  or  less  severe  local 
strains,  the  intensity  depending  upon  the  amount  and  dis- 
tribution of  the  supports.  Very  concentrated  supports,  as  has 
already  been  shown,  may  crush  up  the  bottom ;  distributed 
support  such  as  a  ship  obtains  when  docked  or  fairly 
beached  produces  strains  which  can  be  easily  met.  Every 
provision  described  above  for  giving  stiffness  to  the  bottom 
of  a  ship  is  also  eflicient  in  helping  her  when  aground.  In 
fact,  to  these  provisions  shipbuilders  mainly  trust,  making 
few  special  arrangements  against  local  strains  due  to 
grounding,  and  these  almost  wholly  at  the  extremities. 
Nor  is  this  surprising,  for  it  is  impossible  to  foresee 
all  the  conditions  of  strain,  or  to  provide  against  them. 
Such  accidents  to  any  individual  ship  are  comparatively 
rare,  and  in  iron  ships  the  damage  which  results,  even  when 
it  is  very  serious,  can  be  repaired  much  more  easily  than 
is  possible  in  wood  ships.  Examples  will  be  given  in 
Chapter  X.  illustrating  this  difference. 
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Penetration  of  the  skin  of  a  ship  ashore  often  takes  place 
without  any  serious  crushing  up  of  the  bottom ;  and  this 
danger  is  of  peculiar  importance  to  iron  ships,  having  skin 
plating  never  exceeding  an  inch  in  thickness,  and  in  the 
great  majority  of  cases  less  than  half  that  thickness. 
Sharp  hard  substances,  such  as  rocks,  will  penetrate  the 
plating  more  readily  than  they  will  penetrate  the  much 
thicker  bottom  of  a  wood  ship.  This  superiority  of  wood 
ships  in  sustaining  rough  usage  ashore  without  penetration 
of  the  bottom  is  well  known ;  and  some  persons  have 
attached  such  importance  thereto  as  to  advocate  the  con- 
struction of  ships  with  wooden  floors  and  bottom  planking, 
but  otherwise  of  iron.  The  plan  has,  however,  obvious 
disadvantages,  and  has  not  found  much  favour  with  ship- 
builders, who  prefer  to  accept  this  occasional  disadvantage  of 
iron,  rather  than  to  sacrifice  its  superiority  in  other  respects 
to  wood. 

It  is  sometimes  assumed  that  iron  bottoms  are  more 
inferior  to  wood  in  their  resistance  to  penetration  than  is  really 
the  case.  To  the  experiments  of  the  late  Sir  W.  Fairbaim, 
we  owe  more  exact  knowledge  on  the  subject  than  was 
previously  accessible;  in  these  experiments,  a  few  com- 
parative tests  were  made  of  the  resistances  of  wood  planks 
and  iron  plates  to  the  pimching  action  of  a  very  concentrated 
support.*  Under  the  experimental  conditions  an  oak  plank 
3  inches  thick  was  found  equal  in  resistance  to  an  iron  plate 
\  inch  thick ;  and  a  6-inch  plank  to  a  plate  1  inch  thick. 
Planking  appeared  to  ofier  a  resistance  proportional  to  the 
square  of  the  thickness ;  whereas  iron  plating  offered  a 
resistance  proportional  to  the  thickness  only.  The  largest 
iron  ships  have,  therefore,  bottom  plating  about  equivalent 
to  a  5-inch  or  6-inch  oak  plank.  This  would  be  quite  as 
thick  as,  or  thicker  than,  the  average  bottom  planking  of 
large  wood  ships ;  but  within  this  planking  the  wood  ship 


*  See  the  account  of  the  experiments  given  in  Sir  W.  Fairbairn's  work 
on  Iron  Shipbuilding. 


CHAP.  VIII.    STRAINS  EXPERIENCED  BY  SHIPS.         299 

probably  .would  have  solid  timbers  and  fillings,-  forming  a 
oompact  mftss,  very  difficult  of  penetration,  the  iron  ship 
having  no  similar  backing  to  the  thin  plating.  It  is  therefore 
easy  to  see  why  wooden  ships  are,  as  a  rule,  capable  of 
standing  more  of  the  wear  and  tear  incidental  to  grounding 
than  ordinary  iron  ships  with  a  single  bottom.  To  attempt 
to  increase  the  thickness  of  the  bottom  plating  in  order  to 
meet  this  comparative  disadvantage  would  be  wasteful  and 
unwise ;  the  preferable  course  is  to  fit  an  inner  skin  within 
the  frames,  forming  a  double  bottom.  Then,  if  the  outer 
plating  is  broken  through,  and  the  inner  still  remains  intact, 
no  water  enters  the  hold,  and  no  serious  damage  ensues,  as 
explained  at  length  in  the  first  chapter. 

Such  a  cellular  construction  of  the  double  bottom  has  a 
further  advantage  well  deserving  consideration.  Thin  iron 
or  steel  plating,  stretching  over  the  spaces  between  trans- 
verse frames,  not  imfrequently  shows  signs  of  bending  or 
"  buckling  "  between  these  supports  when  subjected  to  the 
upward  or  sideways  pressure  of  the  water ;  and  this  effect 
may  be  aggravated  by  the  strains  due  to  hogging.  By 
means  of  longitudinal  frames  or  keelsons  running  along 
upon  the  plating,  and  attached  to  it,  buckling  may  be 
prevented ;  but  when,  in  addition,  an  inner  bottom  is  worked, 
buckling  becomes  almost  impossible.  The  experiments  made 
before  the  construction  of  the  tubular  railway  bridge  across 
the  Menai  Straits  was  begun  first  demonstrated  the  great 
advantages  obtained  by  the  cellular  system  applied  to 
wrought-iron  structures,  especially  in  those  parts  subjected 
to  compressive  strains.  Since  then  the  knowledge  of  this 
fact  has  been  made  generally  useful,  both  in  ship  and  in 
bridge  construction ;  but  even  yet  not  so  fully  as  it  might 
be,  for  the  use  of  a  double  bottom  involves  some  loss  of 
internal  cargo-carrying  space  in  a  merchant  ship,  which 
owners  are  loth  to  sacrifice. 

When  a  ship  sags,  the  upper  deck  and  topsides  are  subject  to 
compressive  strains ;  to  meet  these,  as  well  as  hogging  strains, 
more  efficiently,  a  cellular  construction  of  the  deck  has  in 
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some  few  cases  been  adopted.  The  Oreat  Easiem  is  a  case 
in  point,  to  which  reference  will  be  made  hereafter.  Longi- 
tudinal supports  are  not  commonly  fitted  to  decks;  the 
wood  planks  usually  assisting  to  prevent  buckling  in  the 
iron  or  steel  plating,  if  any  is  fitted. 

The  local  strains  on  the  decks  of  ships  constitute  another 
important  group.  Very  heavy  weights  are  placed  upon  certain 
parts  of  the  decks,  resting  only  upon  a  certain  number  of 
the  deck-beams ;  and  no  little  care  is  needed  in  connecting 
the  beams  with  the  sides  of  the  ship,  arranging  the  pillars 
beneath  them,  or  taking  other  means  to  distribute  the  load. 
If  the  loads  to  be  carried  were  known,  and  the  kind  of  pil- 
laring  determined,  it  would  be  a  comparatively  easy  matter 
to  fix  the  dimensions  of  the  beams  required  to  support  the 
loads.  In  practice,  however,  these  conditions  are  not  com- 
monly fulfilled,  and  the  breadth  of  the  ship  amidships,  or 
some  other  dimension,  is  had  recourse  to  in  proportioning 
the  sizes  of  the  beams.  Special  cases  occur,  especially  in 
war-ships,  where  the  loads  to  be  carried  are  excessively  great, 
and  their  positions  can  be  fixed  ;  as,  for  example,  the  turrets 
of  a  vessel  like  the  Devastation,  or  the  guns  in  the  battery  of 
a  broadside  ship.  Beams  of  exceptional  strength,  or  beams 
spaced  more  closely  than  at  other  places,  are  often  employed 
in  such  cases  ;  but  even  then  it  is  not  sufficient  to  regiurd  the 
beams  as  girders  supporting  certain  loads,  with  the  assistance 
of  the  pillars.  Both  beams  and  pillars,  besides  meeting  these 
local  strains,  have  to  assist  in  the  maintenance  of  the 
transverse  form  of  the  ship,  as  will  be  shown  in  the  next 
chapter.  Sometimes  it  happens,  especially  in  wake  of  the 
machinery  or  boilers,  that  it  is  difficult  to  fit  pillars  under 
some  of  the  beams ;  but  these  beams  are  easily  supported 
by  longitudinal  girders  extending  a  sufficient  distance  fore 
and  aft  to  have  their  ends  upheld  by  very  strong  piUars. 

Another  class  of  local  strains,  of  special  importance  in  a 
war-ship,  an*  those  brought  upon  the  bows  by  collision  with 
another  vessel,     'i'he  importance  of  ram  attacks  is  now  so 
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generally  recognised  that  the  great  majority  of  the  iron- 
clad ships  of  aU  navies  have  been  constructed  with  bows 
specially  designed  for  delivering  an  effective  blow  upon  an 
enemy  without  receiving  serious  damage  themselves.  Spur- 
bows,  protruding  forward  imder  water  in  such  a  fashion  as  to 
be  able  to  strike  the  comparatively  weak  bottom  below  the 
armour  of  the  ironclad  attacked,  are  those  which  find  most 
favour.  Whatever  may  be  the  form  of  bow  adopted,  it 
must  be  made  exceptionally  strong  if  it  is  to  successfully 
withstand  the  shocks  and  strains  produced  by  ramming. 
These  strains  may  be  arranged  in  three  divisions:  (1) 
direct  strains,  tending  to  drive  the  stem  and  bow  bodily 
backwards  into  the  ship ;  (2)  twisting  strains,  tending  to 
wrench  the  bow  off  when  the  blow  is  struck  obliquely, 
or  the  vessel  attacked  has  motion  across  the  bow  of  the 
ram-ship ;  (3)  strains  tending  to  perforate  the  skin  of  the 
ram-bow,  resulting  from  the  jagged  parts  of  the  hull  of 
the  vessel  which  has  been  struck  pressing  upon  the  ram, 
while  the  two  vessels  are  locked  together,  and  while  the 
wrenching  just  mentioned  takes  place.  Similar  strains 
act  upon  the  bow  of  any  ship  which  comes  into  collision 
with  another;  and  unfortunately  there  are  too  numerous 
instances  of  the  truth  of  this  statement  in  the  records 
of  accidental  collisions  between  vessels  of  the  mercantile 
marine,  or  other  ships  not  built  for  ramming.  In  fact,  it  is 
to  these  ordinary  vessels,  and  not  to  ships  specially  designed 
for  ramming,  that  one  must  look  for  the  fullest  evidences 
of  the  character  of  the  strains  incidental  to  collision.  The 
bows  of  many  ships  have  actually  been  crushed  in  ;  or  the 
skin  has  been  penetrated ;  or  wrenching  strains — as  in  the 
ill-fated  Amazony  of  the  Eoyal  Navy — have  been  so  serious 
in  proportion  to  the  strength  of  the  bow  as  to  twist  the 
latter  and  cause  the  ship  to  founder.  On  the  other  hand, 
we  have  ample  evidence  that  the  special  arrangements  of 
ram-bows  provide  satisfactorily  against  strains  which  are 
fatal  to  weaker  bows. 

At  Lissa,  the  Austrian  ram  Ferdinat^  Max,  a  wood  ship 
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with  a  strengthened  ram-bow,  struck  and  sank  the  Be 
cT  Italia^  besides  making  other  less  successful  attacks  on  other 
Italian  ships;  yet  her  bow  sustained  no  serious  damage, 
although  it  suffered  more  than  an  iron-built  ram  would 
have  done  under  similar  circumstances.  The  improvised 
Confederate  ram  Merrimac  sank  the  Federal  wooden  firigate 
Cumberland  at  Hampton  Roads,  but  wrenched  her  own  spur 
badly  in  consequence  of  its  faulty  construction,  and  is 
said  to  have  been  consequently  far  less  efficient  in  her 
subsequent  fight  with  the  Monitor,  The  disastrous  col- 
lision between  the  Vanffuard  and  the  Iron  Duke  furnished 
one  of  the  severest  tests  yet  put  upon  the  strength  of 
the  ram-bow  in  one  of  the  modem  types  of  iron-hulled  iron- 
clads. To  understand  the  severity  of  the  test,  it  is  necessary 
to  note  a  few  facts  given  in  evidence  before  the  court- 
martial.  At  the  time  of  the  collision  the  Iron  Duke  is  said 
to  have  been  going  7^  knots,  her  course  being  six  points  oflf 
that  of  the  Vangv^ird ;  the  direct  force  of  the  blow  delivered 
was  at  least  12,000  foot-tons.  Fig.  26,  page  35,  illustrates 
the  damage  done  to  the  Vanguard^  the  armour  being  drivoi 
in  bodily  and  the  outer  bottom  pierced  by  a  huge  hole 
some  20  or  30  square  feet  in  area.  Such  a  blow,  of  course, 
reacted  on  the  bow  of  the  Iron  Duke,  tending  to  drive  it  back 
into  the  ship;  and  meanwhile  the  Vanguard  had  a  speed 
athwart  the  bow  of  the  Iron  Duke  of  no  less  than  6  knots, 
the  motion  producing  a  tendency  to  twist  and  wrench  the 
bow,  as  well  £is  to  perforate  the  skin.  The  simple  and  com- 
paratively light  arrangements  of  the  ram-bow  answered 
admirably  when  thus  severely  tested,  subsequent  examina- 
tion proving  it  to  be  so  little  damaged  that  the  Iron  Duke 
could,  in  action,  have  ventured  safely  on  a  repetition  of  the 
blow,  and  yet  have  remained  efficient.  Special  interest 
attaching  to  this  matter,  Figs.  93-95  have  been  dravm  to 
illustrate  the  principal  features  in  the  framing  of  an  iron- 
built  armoured  ram-bow  ;  and  only  a  few  explanatory  remarks 
will  be  required. 
The  stem  is  a  solid  iron  forging,  weighing  several  tons. 


STRAINS  EXPERIENCED  BY  SHIPS. 


303 


AgaioBt  direct  strams  tending  to  force  it  backward,  it  is 
supported  by  tbe  longitudinal  frames  or  breastbooks  (},l. 

Fie  03. 

Pnfilf 


FIG  94. 

Staton  at  A.A. 


in  Fig.  93),  as  well  as  b;  tbe  armour-plating,  backing,  and 
skin-elating,  all  of  whiob  abut  against  tbe  stem.    The  breast- 
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books  are  very  valuable  eupports,  being  yery  strong  yet 
light ;  tbeir  construction  is  sbown  in  Fig.  95 ;  and  tbe 
foremost  ends  of  tbe  decks  are  converted  into  breastbooks 
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in  a  somewhat  similar  mamier.  Wrenching  or  twisting 
strains  are  well  met  by  these  breasthooks,  stiffened  as  they 
are  by  numerous  vertical  frahies,  the  details  of  which  appear 
in  Fig.  94,  while  their  positions  are  indicated  in  Fig.  93, 
Perforation  of  the  skin  is  rendered  difficult  either  by  carrying 
the  armour  low  down  over  the  bow  or  by  doubling  the  skin- 
plating  forward  below  the  armour.  The  former  plan  is  pre- 
ferable, being  more  efficient  against  perforation,  and  also 
giving  protection  against  raking  fire  when  engaged  bow-on  to 
an  enemy  ;  it  has  been  very  generally  adopted  of  late  in  the 
Boyal  Navy,  and  the  French  also  favour  this  plan.  Although 
the  transverse  framing  of  the  ram-bow  is  thus  quite  sub- 
ordinated to  the  longitudinals  (/,  l\  it  plays  an  important  part 
in  binding  the  two  sides  together,  stiffening  the  breasthooks, 
and  enabling  a  minute  system  of  watertight  subdivision  to  be 
carried  out.  Even  if  the  outer  skin  should  be  broken  through 
in  ramming,  water  would  find  access  to  a  very  limited  space, 
and  consequently  there  would  be  little  or  no  danger,  and  no 
inconvenient  change  of  trim.  Such  are  the  main  features  of 
the  ordinary  ram-bow  in  an  iron-built  ironclad  ship. 

Recent  ships  of  the  central-citadel  type  are  somewhat 
differently  constructed  for  ramming.  The  armoured  deck, 
situated  several  feet  imder  water,  is  the  strongest  part  of 
the  structure  which  contributes  the  greatest  support  to 
the  spur-bow.  These  decks  are  usually  curved  downwards 
at  the  fore  end,  for  the  purpose  of  gaining  such  a  depth  below 
water  as  will  enable  the  spur  to  pierce  an  enemy  below  the 
armour.  The  spur  is  attached  to  the  fore  end  of  the  deck ; 
by  which  it  is  supported  most  efficiently  against  direct  and 
wrenching  strains.  Subsidiary  supports,  breasthooks,  &c. 
are  also  employed  to  a  small  extent ;  and  in  some  cases 
arrangements  have  been  made  by  which,  if  the  spur  should 
become  locked  in  the  side  of  the  vessel  attacked,  it  might 
actually  be  wrenched  off  without  any  serious  damage  to  the 
bow.  Perforation  of  the  skin  below  the  armour  deck  is 
provided  against  by  doubling  the  plating. 

Ram-bowR  in  wood  ships  may  be  made  fairly  efficient. 
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bat  not  so  simply  or  satisfactorily  as  those  of  iron  ships,  the 
difference  being  one  inherent  in  the  materials.  To  make 
the  spur  more  efficient,  it  is  usually  armed  with  a  sheath  of 
metal  or  iron.  Massive  longitudinal  and  diagonal  timbers 
are  bolted  inside  the  frames,  and  associated  with  iron  crutches 
or  breasthooks,  to  prevent  the  stem  from  being  driven  in  or 
twisted  when  a  ram  attack  is  made.  But  even  when  all 
possible  care  is  taken  in  fitting  and  fastening  these  strengthen- 
ings, the  combination  can  scarcely  be  considered  satisfactory. 
Weakness,  working,  and  decay  must  affect  it,  as  they  do  all 
other  parts  of  a  wooden  structure.  Kepairs  to  such  a  bow 
must  also  prove  difficult  and  expensive,  as  compared  with 
the  correspon^ling  work  in  an  iron-built  ram,  where  all  the 
parts  are  easy  of  access,  and  easily  replaced.  I'hese  are,  how- 
ever, matters  of  detail  requiring  no  further  consideration 
here,  although  they  have  great  practical  importance. 

The  superior  strength  of  the  bows  of  iron  ships  has  been 
illustrated  frequently  in  the  mercantile  marine,  as  well  as 
in  war- ships.  Commonly,  when  collisions  take  place 
between  two  iron  ships,  the  vessel  struck  is  seriously 
damaged,  perhaps  founders,  while  the  striking  vessel  escapes 
with  little  damage  to  her  bows.  Mr.  Grantham  quotes  one 
rase  of  special  interest.*  Nearly  twenty  years  ago,  when  the 
Persia,  the  first  iron-built  Transatlantic  steamer,  was  on  her 
first  voyage,  she  closely  followed  the  Pacific^  a  wood  steamer, 
and  both  are  reported  to  have  fallen  in  with  large  ice-floes. 
The  Pacific  was  lost  with  all  on  board;  the  Persia  ran 
against  a  small  iceberg  at  full  speed  and  shattered  it,  but 
sustained  no  serious  damage. 

The  last  class  of  local  strains  to  be  mentioned  are  those 
incidental  to  propulsion.  Some  of  these  have  already  been 
alluded  to,  viz.  the  strains  connected  with  propulsion  by  sails, 
and  those  resulting  from  the  attachment  of  the  thrust-bearer 
to  the  hull  of  a  screw-steamer.     To  these  may  be  added 
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the  strains  produced  by  the  moTing  parte  of  an  engine, 
tbroagh  tlie  beareiB  to  which  they  are  secured ;  vibiation  or 
working  at  the  stem  of  sciew-steamera ;  stiaitie  in  wake  of 
the  shafts  of  paddle-Bteamers ;  and  many  others.  The  whole 
subject  is,  however,  one  of  detail,  requiring  to  be  dealt  with 
during  the  conBtruciion  of  the  vessel  by  her  builder  and  ihe 
maker  of  the  engines.  Here  again  the  general  principle 
of  dxstr^mtion  of  strain  underlies  all  the  arrangements 
made  The  parts  upon  which  the  strains  are  primarily 
e  succoured  by  other  parts  of  the  structure, 


with  which  they  must  be  connected  as  rigidly  as  possible 
Changes  in  the  relative  positions  of  the  vaiious  parts 
cannot  occar  so  long  as  the  connections  are  efiRcient,  and 
without  such  changes  working  cannot  take  place.  Iron 
is  a  far  better  material  than  wood  for  making  the  con- 
nections, and  it  has  been  employed  very  generally  for  the 
purpose,  even  in  wood  ships,  with  great  success.  Vibration 
may,  of  course,  occur  without  any  absolute  working  in  the 
structure ;  for  either  the  ship  as  a  whole  may  vibrate  to 
and  fro,  or  the  observer  may  be  deceived  as  to  motion  in 
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tlie  structure  by  movements  in  platforms,  or  minor  fittings 
forming  no  part  of  the  stmctorfl  regarded  as  a  whole,  and 
incapable  of  resisting  strains  or  transmitting  them.  This 
distinction  is  especially  important  in  vessels  of  great 
engine-power  and  high  speed,  wherein  vibration,  either  real 
or  apparent,  may  be  considerable,  whereas  there  is  absolutely 
no  working. 

A  single  illustration  of  the  usefulnese  of  iron  strengthen- 
ings in  resisting  local  strains  due  to  propulsion  must  suffice. 
Figs  9(]-98  contain  the  details  of  one  of  the  best  examples 
that  could  be  chosen ;  representing  the   arrangements  at 


the  stem  of  one  of  the  wood-hulled  ironclads  of  the 
Royal  Navy.  Similar  strengthenings  have  been  extensively 
used  in  unarmoured  wood  ships.  They  were  introduced  in 
consequence  of  the  serious  working  and  weakness  not  im- 
irequently  experienced  at  the  stems  of  the  earlier  screw 
steam-ships  with  good  engine-power ;  and  by  their  use  these 
objectionable  resnlts  have  been  altogether  prevented. 
Inside  the  ship  (see  Fig.  96)  the  upper  parts  of  the  two  stem- 
posts  are  cased  with  iron  plates ;  the  heads  of  the  posts  are 
secured  to  iron  plating  (cc)  worked  on  the  upper  beams. 
Between  the  two  posts  an  iron  knee  (bb)  is  fitted,  and 
strongly  secured  to  the  posts  and  to  the  counter  of  the  ship. 
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With  a  lifting  screw,  this  knee  could  not  be  fitted,  but  the 
Bcrew-well  might  then  be  made  an  efficient  strengthener. 
Partial  bulkheads  of  iron  are  built  across  the  stem  at  the 
fore  side  of  the  rudder-post  and  the  aft  side  of  the  body- 
post.  The  construction  of  these  is  shown  in  Figs.  97  and  98  ; 
their  upper  edges  are  secured  to  the  deck-plating  (cc), 
while  their  outer  edges  are  bolted  to  the  sides  of  the 
ship.  Change  of  form  is  thus  rendered  practically  impossible 
at  those  two  sections.  *  Change  in  the  angle  between  the 
counter  and  the  rudder-post  is  rendered  difficult  by  the  ex- 
ternal metal  knee  a,  Fig.  96,  bolted  to  the  post  and  the 
counter.  Formerly  these  counter-knees  constituted  the  main 
strengthening  at  the  stems  of  wood  ships,  and  they  were  very 
frequently  broken  in  the  "  throat"  by  the  working  of  the  post 
produced  by  the  action  of  the  propeller ;  now  such  accidents 
are  scarcely  known  in  the  Royal  Navy.  The  body-post  is 
also  strongly  connected  to  the  hull  by  the  iron  plating  (dd. 
Fig  96)  under  the  lower-deck  beams,  and  the  brackets  {ee). 
By  these  comparatively  light  and  simple  additions  of  iron 
strengthenings,  what  had  been  previously  found  an  almost 
insoluble  problem  has  been  satisfactorily  dealt  with.  This 
is  but  one  example  from  the  many  which  any  reader  inter- 
ested in  the  subject  will  discover  on  investigating  the  details 
of  construction  in  various  classes  of  ships. 
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CHAPTER  IX. 

THE  STRUCTURAL  STRENGTH  OF  SHIPS. 

The  structural  arrangements  now  adopted  in  various  classes 
of  ships  are  the  results  of«  long  continued  development. 
Their  origin  is  lost  in  antiquity,  and  many  of  the  succeeding 
steps  cannot  be  traced.  During  long  periods,  under  the 
same  conditions,  methods  of  construction  have  remained 
unchanged;  but  altered  circumstances  and  fresh  require- 
ments have  produced  great  and  rapid  changes.  From  the 
canoe  hollowed  out  of  a  single  tree,  or  the  coracle  with  its 
light  frame  and  flexible  water-tight  skin,  on  to  the  enormous 
floating  structures  of  the  present  time  is  a  very  remarkable 
advance  ;  but  the  steps  have  been  gradual,  and  not  un- 
frequently  unintentional,  the  full  value  of  a  new  feature  not 
being  recognised  until  long  after  its  introduction.  The 
history  of  this  gradual  change  and  improvement,  cul- 
minating in  the  wonderful  progress  of  the  last  half-century 
— into  which  have  been  crowded  the  development  of  ocean 
steam  navigation,  the  introduction  of  iron  sea-going  ships, 
and  the  use  of  armoured  war-ships— constitutes  a  most 
interesting  field  of  study ;  but  in  the  present  work  it 
cannot  be  touched.  Nor  can  the  structural  arrangements 
of  existing  types  of  ships  receive  any  detailed  illustration, 
for  which  the  reader  must  turn  to  strictly  technical  treatises 
on  shipbuilding.  It  will  be  our  endeavour— bearing  in 
mind  what  has  been  already  said  respecting  the  causes  and 
character  of  the  principal  strains  to  .which  ships  are 
subjected — to  make  clear  the  general  principles  governing 
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the  provision  of  their  structural  strength.  In  doing  so,  it 
will  be  possible  to  illustrate  the  distinctive  features  in  the 
principal  classes  of  ships,  to  compare  the  relative  efficiencies 
of  various  methods  of  construction,  and  to  contrast  the 
degrees  of  importance  attaching  to  different  parts  of 
the  hull  of  any  ship.  All  that  will  be  assumed  is  that  the 
reader  has  a  general  acquaintance  with  the  names  of 
the  different  parts;  and  in  most  cases  even  that  extent 
of  knowledge  will  scarcely  be  requisite  in  order  to  follow 
the  discussion. 

All  ships  may  be  said  to  consist  of  two  principal  parts : 
(1)  the  water-tight  skin  forming  the  covering  of  their 
bottoms,  sides,  and  decks,  if  they  have  decks;  (2)  the 
framing  or  stiffening  fitted  within  the  skin  to  enable  it  to 
maintain  its  form.  There  are  many  ways  of  forming  the 
skin  in  different  classes  of  ships;  some  of  these  will  be 
described.  Wood,  iron,  and  steel  are  the  three  materials 
at  present  used  for  the  purpose  in  sea-going  ships ;  brass 
skins  have  been  fitted  to  some  small  vessels  designed  for 
smooth-water  services.  A  skin  is  an  essential  part  of  every 
ship ;  and  much  care  and  skill  are  required  in  its  arrange- 
ments. Vessels  have  been  built  with  little  or  no  framing ; 
but  these  are  not  ordinary  cases,  and  probably  the  greatest 
varieties  of  practice  are  to  be  foimd  in  the  arrangement  of 
the  framing,  which  constitutes  a  very  important  element 
of  the  structural  strength.  In  constructing  both  skin 
and  framing,  and  considering  every  detail  of  the  hull, 
the  shipbuilder  should  seek  most  fully  to  combine  strength 
with  lightness.  To  do  this,  he  must  possess  an  intelligent 
acquaintance  with  the  causes  and  character  of  the  strains 
to  be  resisted,  their  possible  effects  upon  different  parts 
of  the  structure,  and  the  principles  of  structural  strength. 
He  is  then  able  to  choose  from  among  the  materials  obtain- 
able those  best  adapted  for  his  purpose ;  he  can  duly 
propoition  the  strength  of  the  material  to  the  strains  on 
the  various  parts,  massing  it  where  requisite,  or  lightly 
constructing  parts   subject  to  little  strain ;   and  so  far  as 
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the  requirements  of  convenience  and  accommodation,  or 
of  fighting  efficiency,  permit,  he  can  approximate  to  an 
ideally  perfect  structure,  in  which  each  part  is  equally 
strong  as  compared  with  the  strain  it  has  to  bear.  No 
structure  is  stronger  than  its  weakest  part ;  consequently  a 
bad  distribution  of  the  materials  can  only  be  made  at  the 
sacrifice  of  strength,  which  might  be  secured  if  the  material 
were  distributed  more  in  proportion  to  the  straining 
forces. 

Another  important  practical  matter  is  that  of  the  con- 
nections and  fastenings  of  the  very  numerous  pieces 
making  up  the  hull  of  a  ship.  Unless  great  care  is  taken, 
the  ultimate  strength  of  these  pieces  will  never  be  developed, 
and  the  structure  may  fail  through  lack  of  rigidity,  even 
when  it  contains  an  amount  of  materials  which  would  be 
ample  if  they  were  properly  combined.  The  character  of 
these  connections  must  bear  an  intimate  relation  to  the 
qualities  of  the  materials.  With  wood  they  are  necessarily 
diflferent  from  what  they  would  be  with  iron  or  steel.  In 
fact,  the  builder  has  to  consider  this  feature  in  making  the 
choice  of  his  material;  having  regard  not  merely  to  the 
ultimate  resistance  of  a  single  piece  to  tensile  or  compressive 
strains,  but  also  to  the  possibility  of  making  a  combination 
of  two  or  more  pieces  efficient  against  such  strains.  Having 
made  his  choice,  he  has  to  effect  the  best  possible  connec- 
tions and  combinations,  often  at  no  small  cost,  in  order  to 
secure  the  joint  action  of  the  various  pieces,  and  the 
rigidity  of  the  structure  considered  as  a  whole. 

In  the  present  chapter  it  will  be  convenient  to  assume 
that  the  best  possible  results  have  been  secured  by  the 
builder  in  each  class  of  ship,  and  then  to  investigate  their 
resistances  to  the  principal  bending  strains,  tending  to  alter 
the  longitudinal  and  transverse  form.  Local  strains  have 
received  in  the  preceding  chapter  all  the  attention  that  can 
be  given  them  ;  and  in  the  succeeding  chapter  we  shall 
illustrate  the  capabilities  of  wood,  iron,  and  steel  as 
materials  for  shipbuilding. 
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The  severest  strains  to  which  ships  are  subjected  are  those 
tending  to  produce  longitudinal  bending ;  and  therefore  the 
greatest  strength  is  requisite  to  prevent  change  of  form  in 
that  direction.  If  the  ship  were  subjected  to  excessive 
bending  moments,  developing  strains  greater  than  her 
strength  could  resist,  their  ultimate  effect  would  be  to 
break  her  across  at  the  transverse  section  where  the  strains 
reach  their  maximum ;  and  this  section  would  usually  be 
situated  near  the  middle  of  the  length.  Unfortunately, 
cases  are  on  record  where  this  ultimate  effect  has  been 
produced,  and  vessels,  when  very  severely  strained,  have 
actually  broken  across ;  *  but  ordinarily,  instead  of  actual 
fracture,  we  have  only  to  consider  a  tendency  to  produce 
fracture  at  any  cross-section  of  the  ship,  the  structural 
strength  being  ample  in  proportion  to  the  strains.  In  either 
case  one  thing  is  clear,  viz.  that  resistance  to  longitudinal 
bending  or  cross  breaking  at  any  transverse  section  of  a  ship 
can  only  be  contributed  by  those  pieces  in  the  structure 
which  cro83  the  probable  line  of  fracture,  i.  e.  the  particular 
transverse  vertical  section  of  the  ship  which  is  being 
considered.  Pieces  lying  longitudinally  or  diagonally  in 
the  ship  may  fulKl  this  condition,  and  therefore  contribute 
to  the  longitudinal  strength  ;  but  pieces  lying  transversely, 
such  as  a  transverse  rib  or  frame  or  beam  adjacent  to  the 
line  of  fracture,  do  not  cross  it,  and  therefore  do  not  con- 
tribute to  the  longitudinal  strength.  By  this  simple  rule 
it  is,  therefore,  easy  to  distinguish  those  parts  of  the  hull 
which  are  efficient  against  the  principal  bending  moments. 


•  One  of  the  most  singular  cases 
on  retx)rd  is  that  of  the  Chusan 
iron  steamer,  which  broke  in  two 
outside  Ardrossan,  a  year  or  two 
ago,  one  part  of  the  vessel  floating 
into  the  harbour,  while  the  other 
sunk  outside.  It  is  only  proper  to 
add  that  this  ship  was  not  built  for 
sea-going  service,  being  designed  for 


the  shallow  waters  of  China.  Her 
length  was  300  feet,  beam  60  feet, 
and  depth  in  hold  only  11  feet. 
Another  case  in  {loint  is  that  of  the 
Mary,  which  broke  in  two  in  the 
Bay  of  Biscay;  she  was  also  a 
shallow-draught  vessel  of  great 
length. 
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Chief  among  these  may  be  mentioned  the  skin  planking  or 
plating  on  the  outside  of  the  ship ;  the  planking  or  plating 
on  the  decks ;  and  the  longitudinal  frames,  keelsons,  shelf- 
pieces  under  beams,  water-ways,  side-stringers,  and  diagonal 
iron  riders.  For  any  transyerse  section  of  the  ship,  the 
enumeration  of  all  these  parts  and  the  estimate  of  their 
respective  sectional  areas  are  very  simple  processes,  upon 
which  the  calculation  of  the  strength  of  the  ship  at  that 
section  is  based. 

The  greatest  bending  strains  being  experienced  at  or  near 
the  midship  section,  let  it  be  assumed  for  purposes  of  illus- 


FIC.99. 


MidUMp  Sedtan 


Equivalent 
^Girder 


tration  that  the  ship  is  upright,  and  that  it  is  desired  to 
ascertain  the  strength  of  the  midship  section  against  cross- 
breaking  strains.  In  performing  this  calculation,  it  is 
usual  to  construct  an  "  equiyalent  girder  "  section,  similar 
to  that  shown  in  Fig.  99.  On  the  left  is  drawn  an 
outline  of  the  mid(;hip  section  of  an  iron  ship  with  a 
double  bottom,  and  with  longitudinal  frames  between 
the  outer  and  inner  skins,  these  latter  being  indicated 
by  the  strong  black  lines.  On  the  decks,  the  planking, 
plating,  and  stringers  will  also  be  distinguished  from 
the  transyerse  beams  upon  which  they  are  supported. 
The    effective  areas    of  all    these    pieces  which  cross  the 
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niidHhi'ii  Bcction,  und  extend  to  some  distance  before  and 
abuft  it,  arc  represented  in  the  "  equivalent  girder  **  on  the 
right.  'i*he  deck  planking  and  plating  on  the  upper 
d(^k  are  concentrated  in  the  flange  A  ;  those  of  the  middle 
dock  in  the  flange  B,  and  those  of  the  lower  deck  in  the 
flange  C.  The  inner  and  outer  bottom  plating,  longi- 
tudinal frames,  &c.  from  the  turn  of  the  bilge  downwards 
are  (M)ncentrated  in  the  lowest  flange  or  bulb  D;  the 
vtirtical  or  nearly  vertical  plating  on  the  sides,  together 
with  the  longitudinal  stiffeners  worked  upon  it,  form 
the  vorticMil  web  EE,  connecting  the  flanges.  It  will  be 
obw^rved  that  the  depths  of  the  girder  and  midship  section 
are  identical,  and  all  the  corresponding  pieces  in  both  are 
nituati^d  at  the  Fuuno  heights,  the  vertical  distribution  of 
the  piecoH  on  the  midship  section  being  maintained  in  the 
girder. 

ThoiH)  \\rv>  many  important  matters  connected  with  the 
work  of  constructing  equivalent  girders  ;  but  one  or  two 
t>nly  of  the  most  important  can  be  mentioned.  First,  it  is 
noct'Kjiary  to  distinguish  between  the  total  sectional  areas 
of  tlu^  longitudinal  pieces  on  the  midship  section,  and  their 
eJWtivv  artMis  wliichare  shown  on  the  girder.  A  very  simple 
illustration  will  show  the  character  of  this  distinction.  In 
wikkI  shii>s  it  is  usual  to  arrange  the  "  butts  "  of  the  outside 
planking  so  that  at  least  thrive  planks  intervene  between 
iHuistHUitivo  butts  lying  on  the  same  transverse  8ecti<»L 
Fig,  1(X)  shows  this  arrongement ;  h  and  7  are  two  butts 
phuHHl  on  the  sjimo  timlvr ;  and  the  probable  line  of  fracture 
of  the  {diuiking  Wtweon  these  butts  is  indicated.  Against 
tensile  stnuns  temling  to  pull  the  butts  open  on  any  sectioii 
such  as  W,  the  buttoil  ^tR^kes  have  little  or  no  strength;  tliere- 
fon\  in  onltT  to  allow  for  this  weakening  on  the  midship 
stvtion,  ont'-joHrih  of  the  total  sectional  area  of  the  outer 
plank inir  must  W  deiluott\l.  Further,  there  must  be  fc«lts  or 
wixnlen  tn.vnails  driven  in  the  imbutted  {Janks^  to  secure 
them  to  the  rit^  of  the  ship ;  and  the  holes  cut  fioi-  theee 
fiiisteiiings  at  any  oross^-seotion  may  be  taken  as  equiTaknt 
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to  a  further  loss  of  about  one-eiffhih  of  the  total  sectional 
area.  Putting  together  the  allowances  for  bolts  and 
fastenings,  it  appears  therefore  that  the  effective  sectional 
area  of  planking  thus  arranged  is  about  five-^hilis  of 
the  total  sectional  area  when  ra<istance  to  tensile  strains 
is  being  considered.  But  when  compressive  strains  have 
to  be  resisted,  the  conditions  are  diflferent.  If  the  butts 
are  properly  fitted  and  caulked,  the  butted  strikes  are 
nearly,  if  not  quite,  as  efficient  as  the  unbutted  strakes ; 
and  if  the  bolts  and  treenails  properly  fit  their  holes,  no 
deduction  need  be  made  for  these  holes.  Hence,  against 
compressive  strains,  the  effective  area  practically  equals 
the  total  sectional  area.  Similarly,  in  iron  ships,  the  holes 
for  the  rivets  securing  the  outer  plating  to  the  ribs  cut 

FIG  100. 


away  about  one-seventh  or  one-eighth  of  the  total  sectional 
area ;  and  this  deduction  must  be  made  from  the  total  area 
in  order  to  find  the  area  effective  against  tensile  strains; 
whereas  against  compressive  titrains  no  such  deduction  is 
needed.  In  many  other  instances  similar  allowances  are 
required ;  but  the  process  is  an  easy  one  when  the  details 
of  the  construction  of  a  ship  are  known. 

Another  important  matter  is  the  determination  of  the 
relative  values  of  wood  and  iron,  or  wood  and  steel,  when 
they  act  together  in  resisting  longitudinal  bending.  So 
long  as  the  strains  put  upon  the  materials  do  not  surpass 
the  limits  of  elasticity  of  the  wood — a  condition  which 
is  ful611ed  in  nearly  all  cases — it  is  a  fact,  ascertained 
by  experiment,  that  the  wood  will  act  with  the  metals 
and  lend  them  valuable  assistance.      This  is  very  advan- 
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tageoiis  to  the  structural  strength  of  ships  of  all  classes,  in 
which  iron  stringers  or  ties  are  used  on  the  decks  and  else- 
where, with  wood  planking  over  them.  In  composite  ships 
also,  with  a  wood  skin  worked  on  iron  ribs,  or  in  sheathed 
iron  ships,  wherein  wood  planks  are  worked  outside  the 
iron  plating  in  order  to  receive  zinc  or  copper  sheathing, 
this  combined  action  of  wood  and  iron  is  of  great  value. 
The  late  Professor  Rankine  suggested  some  years  ago  that 
a  fair  allowance,  averaging  the  various  strengths  of  the 
timbers  used  in  shipbuilding,  would  be  to  consider  wood 
equivalent  to  one-si^tieenth  of  its  sectional  area  of  iron  ;  and 
this  is  the  allowance  usually  made  in  determining  the 
effei»tive  sectional  areas  for  the  portions  of  the  deck-flanges 
(A,  B,  C,  in  Fig.  99),  representing  the  wood  planking,  or 
for  other  pirts  where  iron  and  wood  act  together. 

When  the  equivalent  girder  has  been  dra¥m,  the  next 
step  is  to  estimate  the  strength  of  the  midship  section 
thereby  representeil ;  and  this  is  done  exactly  in  the  same 
miumor  as  if  the  girder  were  the  cross-section  of  a  long 
beam,  subjecteil  to  the  same  bending  strains  as  those  to 
which  the  ship  is  subject.  The  comj^rison  of  a  ship 
tending  to  hog  or  sag  to  a  beam  is  a  very  old  one,  having 
iHH^n  made  by  some  of  the  earliest  writers  on  the  theory  of 
naval  architootun\  Like  many  other  suggestions,  this  was 
not  made  use  of  to  any  great  extent  until  the  introdoction 
of  in>n  stupbuilding ;  and  the  late  Sir  William  Fairbaim 
did  much  towards  establishing  the  practice  of  treating  a 
ship  as  a  hollow  girder,  so  far  as  longitudinal  bending  is 
ccmcemeil.  Keadeis  familiar  with  mathematical  investiga- 
lions  of  the  strt^ugth  of  l^etims  will  not  require  any  further 
explauatiim  resjKVting  the  use  made  of  the  equivalent 
|tii^l^i'«  bitt  thoit^  may  Iv  s^^me  not  acquainted  witli  these 
iiiT«^ligations«  and  to  assist  such  in  understanding  the  oon* 
duskuis  states!  tarther  on.  a  brief  explanation  will  be  giveii 
ttf  tho  }uinoi(^  ste|^  by  which  the  strength  of  a  beam  may 

Fi^.   101  sh\^«^  the  sivu^  view  ami  s^^i«i  ij{  a  flailed 
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beam,  which  is  bent  by  the  action  of  the  downward  pressures 
P,  P  and  the  upward  pressure  Q.  When  it  is  thus  bent,  the 
convex  upper  side  AB  must  have  become  elongated,  as 
compared  with  its  length  when  the  beam  was  straight; 
whereas  the  concave  under  side  CD  must  have  been 
shortened.  Hence  at  some  intermediate  part — suppose 
at  EF — there  will  be  found  a  surface  which  is  neither 
stretched  nor  compressed,  but  maintains  the  same  length 
which  it  had  when  the  beam  was  straight.  The  surface 
EF  is  termed  the  "  neutral  surface ;"  all  parts  of  the  beam 
lying  above  it  are  subject  to  tensile  strain,  all  parts  below 
are  subject  to  compressive  strain.  In  the  sectional  draw- 
ing of  the  beam,  ef  corresponds  to  EF,  and  is  termed  the 

FIG.  101. 


neutral  aosis  of  the  cross-section.  On  the  neutral  surface 
EF,  let  any  two  points  ah  be  taken.  When  the  beam  is 
bent,  the  corresponding  length  on  the  upper  surface  is  shown 
by  cdy  and  that  on  the  lower  surface  by  gh ;  the  figure  cghd 
therefore  represents  the  shape  into  which  the  bending  of  the 
beam  distorts  that  part  which  was  of  the  uniform  breadth 
ah  throughout  the  depth  of  the  beam,  before  it  was  bent. 
For  any  layer  in  the  beam  the  elongation  or  compression 
produced  by  the  bending  varies  directly  as  the  distance 
of  that  layer  from  the  neutral  surface.  Within  the 
limits  of  elasticity  of  the  material,  the  elongation  or  com- 
pression also  varies  directly  as  the  strain  applied  ;  that  is  to 
say,  a  bar  of  the  material  will  stretch  twice  as  much  with 
a  given  weight  suspended  to  it  as  it  does  with  half  that 
weight  suspended ;  and  so  on.      Hence  it  will  be  seen  that 
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in  a  bent  beam  the  stress  on  each  unit  of  sectional  area  in  a 
cross-section  such  as  that  in  Fig.  101,  or  any  other  form  of 
section,  varies  directly  with  the  distance  of  that  unit  from 
the  neutral  axis  ef.  At  the  upper  surface  AB  the  stress 
will  be  twice  as  severe  as  it  is  midway  between  AB  and  EF, 
and  the  tensile  strain  at  AB  bears  to  the  compressive  strain 
at  CD  the  same  ratio  as  the  distance  of  AB  from  £F 
bears  to  the  distance  of  CD  from  that  surface. 

The  question  thus  becomes  important,  What  governs  the 
position  of  the  neutral  axis  ?  The  answer  is  very  simple.  It 
is  coincident  with  the  centre  of  gravity  of  the  cross-section 
of  the  beam,  supposing  (as  may  fairly  be  done)  that  the 
external  forces  PPQ  act  perpendicularly  to  the  surface 
EF.  This  follows  directly  from  the  consideration  that  the 
sum  of  all  the  tensile  forces  developed  on  any  cross-section 
of  the  beam  must  equal  the  sum  of  the  compressive  forces. 
The  neutral  surface  of  the  beam  contains  the  centres  of 
gravity  of  all  the  cross-sections ;  and  this  condition  holds 
for  all  forms  of  cross-section,  and  all  variations  in  form  at 
different  parts  of  the  length  ;  the  preceding  remarks  contain- 
ing no  assumption  that  the  beam  is  of  uniform  cross-section 
throughout  its  length.  When  the  form  of  the  cross-section 
of  any  beam  is  given,  the  above  stated  property  enables 
the  position  of  the  neutral  axis  to  be  determined  easily. 

One  further  step  remains  to  be  explained.  At  any 
cross-section  of  the  beam  in  Fig  101  (say,  at  the  middle  of 
the  length)  the  external  forces  (P  and  Q)  give  rise  to  a 
bending  moment  the  value  of  which  is  easily  ascertained. 
The  effect  of  this  moment  is  seen  in  the  curvature  of  the 
beam  ;  but  it  may  be  asked  by  what  moment  is  the  moment 
of  the  external  forces  balanced.  Obviously  it  must  be 
balanced  by  the  moment  of  the  internal  forces  (s^esses,  as 
they  have  been  termed)  developed  by  the  elongations  and 
compressions ;  each  of  these  stresses  may  be  considered  as  a 
force  acting  perpendicularly  to  the  plane  of  the  cross-section, 
and  having  for  its  fulcrum  the  neutral  axis.  Ajid  in  this 
lemstance  to  the  external  forces  the  internal  forces  all  co- 
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operate — ^both  tensile  and  compressive — from  top  to  bottom 
of  the  beam.  The  total  moment  of  these  internal  forces  is 
readily  found  for  a  given  form  of  crossnsection.    Since — 

The  stress  per  unit  of  sectional  area  varies  with  the 
distance  from  the  neutral  axis, 

The  moment  of  stress  about  the  neutral  axis  must  vary 
with  the  sqtuxre  of  the  distance  of  the  unit  of  area  from 
the  neutral  axis. 

The  total  moment  of  the  internal  stresses  may  therefore  be 
expressed  in  the  form, 

Moment = a  constant  quantity  x  area  of  cross-section  x  square 

of  depth  of  section. 

If  each  element  of  area  is  multiplied  by  the  square  of  its 
distance  from  the  neutral  axis,  the  sum  of  the  products  is 
termed  the  moment  of  inertia  of  the  cross-section  about  the 
neutral  axis ;  and  hence  it  is  usual  to  write. 

Moment  of  resistance  to  bending  I  =K  x  moment  of  inertia 
of  internal  stresses .      .      .      .  (      of  cross-section, 

where  K  is  a  quantity  dependent  upon  the  elasticity  of  the 
material  of  which  the  beam  is  made. 

From  these  general  expressions  a  few  practical  deductions 
may  be  drawn.  First :  it  will  be  seen  that,  for  beams  of 
similar  cross-sectional  form,  the  strength  varies  as  the  product 
of  the  sqtuire  of  the  depth  by  the  sectional  area,  supposing 
the  beams  to  be  formed  of  the  same  material.  Second  :  it 
will  be  obvious  that,  with  the  same  sectional  area,  changes 
in  the  form  of  the  cross-sections  of  beams  may  largely 
influence  the  moment  of  inertia,  and  therefore  influence 
the  strength.  Third  :  the  great  advantage  of  the  jlanged 
form  of  beam  shown  in  Fig.  101  will  be  apparent ;  for  the 
material  thrown  into  the  flanges  is  at  a  considerable 
distance  from  the  neutral  axis,  and  the  moment  of  inertia 
is  consequently  increased.  So  long  as  the  vertical  web 
retains    sufficient    strength   to  keep  the  flanges  at  their 
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proper  distance  apart,  and  to  efficiently  connect  them, 
it  is  desirable  that  all  the  rest  of  the  available  material 
should  be  thrown  into  flanges ;  and  in  lattice  girder  beams 
and  bridges  the  principle  is  carried  to  an  extreme. 

Reverting  to  the  equivalent  girder  for  a  ship  (Fig.  99),  it 
is  possible  to  make  use  of  the  foregoing  general  principles 
in  order  to  compare  the  relative  importance  of  different 
parts  of  the  structure,  as  measured  by  their  resistance  to 
longitudinal  bending.  The  most  important  parts  are 
the  upper  flange  A  and  the  lower  D ;  the  flange  C,  corre- 
sponding to  the  lower  deck,  lies  so  close  to  the  neutral  axis 
(MN)  as  to  be  of  little  assistance.  The  flange  B  is  of  much 
more  service,  but  cannot  compare  in  importance  with  A. 
The  web  EE,  formed  by  the  side  plating  or  planking,  is 
mainly  useful,  when  the  vessel  is  upright,  in  forming  a  rigid 
connection  between  the  flanges  and  enabling  them  to  act 
together ;  but  on  account  of  their  distance  irom  the  neutral 
axis,  the  parts  of  EE  lying  nearest  to  A  and  D  offer 
considerable  resistance  to  bending.  When  the  vessel  is 
inclined,  the  conditions  are  somewhat  changed ;  she  then 
resembles  a  hollow  girder  set  angle-wise.  The  parts  con- 
tributing most  to  the  longitudinal  strength  will  then  be 
the  upper  deck,  the  sheer-stralxes  and  side  plating  adjacent 
to  that  deck,  and  the  bottom  in  the  region  of  the  bilges ; 
but  the  arrangements  which  are  efficient  when  the  vessel 
is  upright  will  also  contribute  greatly  to  the  efficiency 
when  she  is  heeled  over  to  the  most  considerable  angles 
likely  to  be  reached  in  rolling.  Vessels  are  sometimes 
thrown  over  on  to  their  beam  ends,  but  this  is  a  very 
exceptional  position,  and  need  not  have  much  influence 
upon  the  distribution  of  the  material.  There  is  good  reason 
to  believe  that  a  ship  which  is  strong  enough  to  resist 
longitudinal  bending  moments  when  she  is  upright  will  be 
sufficiently  strong  in  every  other  position.  By  general 
consent,  therefore,  the  upright  position  is  assumed  in  the 
construction   of  the   equivalent  girder,  and  most  care  is 
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bestowed  to  meet  the  bending  strains  incidental  to  that 
position. 

Hogging,  it  will  be  remembered,  is  the  change  of  form 
produced  by  the  ends  of  a  ship  dropping  relatively  to  the 
middle,  the  keel  becoming  arched  upwards.  The  conditions 
of  strain  are  then  similar  to  those  in  the  beam.  Fig.  101 ; 
the  upper  parts  of  the  structure  being  subjected  to  tensile 
strains,  the  lower  to  compressive  strains,  and  the  division 
between  the  two  being  marked  by  a  neutral  surface.  Sagging 
is  the  converse  case  where  the  middle  drops  relatively 
to  the  ends ;  the  keel  becon(iing  arched  downwards,  the  upper 
parts  of  the  structure  being  subjected  to  compressive  strains, 
and  the  lower  to  tensile  strains,  the  change  of  strain  being 
marked  by  a  neutral  surface,  not  agreeing  in  position  with 
that  for  hogging.  It  will  indeed  be  evident,  from  what  has 
already  been  said  respecting  the  difference  between  the  total 
and  effective  sectional  areas  of  parts  of  the  structure,  that 
the  equivalent  girder  for  hogging  strains  must  be  different 
from  that  for  sagging  strains ;  in  practice  the  two  are 
always  dealt  with  independently.  But  while  the  sectional 
areas  of  the  upper  and  lower  flanges  A  and  D  of  the 
equivalent  girder  in  Fig.  99  change  both  their  absolute  and 
relative  values,  according  as  hogging  or  sagging  strains  have 
to  be  resisted,  it  is  still  true,  for  both  hogging  and  sagging, 
that  thesQ  are  the  two  parts  of  the  structure  which  are  of  the 
greatest  assistance  in  resisting  change  of  form.  Their  joint 
action  is  secured  by  means  of  the  web  formed  by  the  skin. 

Taking  in  order  the  three  parts  of  the  equivalent  girder 
which  require  most  attention,  viz.  the  upper  flange  A,  the 
lower  D,  and  the  web  EE,  we  now  propose  to  sketch  very 
briefly  the  character  of  the  arrangements  by  which  they  are 
made  more  or  less  efficient  in  different  classes  of  ships. 
Wood  ships,  ordinary  iron  ships,  "  composite  "  ships  (which 
resemble  ordinary  iron  ships  except  in  having  wooden  keels, 
stems,  stemposts,  and  outside  planking),  and  a  few  special 
classes  of  iron  ships,  will  be  mentioned;  but  it  must  be 
understood  that  no  endeavour  will  be  made  to  describe  the 
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structural  details  of  any  class ;  for  these  the  reader  most 
turn  to  works  on  shipbuilding.  To  illugtrate  the  contrast 
between  these  classes,  and  to  aaist  our  ezplanationB,  Figs. 
102,  103,  and  104  have  been  prepared.  The  former  diows, 
in  cross-section  and  inside  elevation,  the  constmction  of  a 
wooden  ship  according  to  the  former  practice  of  the  Boyal 
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Dockyards.  Fig.  103,  page  324  shows  m  cross-sectioD,  the 
construction  of  an  ordinary  iron  merchant  ship  Pig  104, 
page  331,  shows,  in  cross-section  the  construction  of  an 
ironclad  ship  of  modem  type  As  we  proceed  repeated 
references  will  be  made  to  these  figures  and  their  principal 
features  will  be  noted  in  connection  with  the  contnbutuw 
of  individual  parts  to  the  general  structural  strength. 
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First,  as  to  the  upper  flange  in  the  equivalent  girder  for 
a  wood  ship.  The  parts  ordinarily  included  are  as  follows : 
the  deck-planking,  allowing  for  its  effective  area  in  the 
manner  explained  above ;  and  the  thick  "  water-way  "  fitted 
upon  the  beam  ends  (see  Fig.  102).  Such  a  flange  is 
much  less  strong  against  the  tensile  strains  brought  upon 
it  by  hogging  than  it  is  against  the  compressive  strains  due 
to  sagging ;  the  effective  area  against  tensile  strains  being 
less  than  three-quarters  of  that  against  compressive  strains. 
It.  is  a  matter  of  common  experience  that,  under  severe 
hogging  strains,  signs  of  working  and  weakness  display 
themselves  in  the  upper  works  of  wood  ships.  Recently,  in 
order  to  add  strength  to  the  upper  deck,  iron  stringers  and 
plating  have  been  worked  under  the  wood  planking  in  many 
of  the  wood-built  ships  of  the  Royal  Navy.  Examples  of 
this  addition  will  be  found  in  the  converted  ironclads  of  the 
Coledonia  class,  and  in  the  largest  class  of  corvettes. 

In  ordinary  iron  or  composite  ships  the  upper  flange  of 
the  equivalent  girder  closely  resembles  that  described 
for  recent  wood  ships.  Fig.  103  shows  the  arrangement ; 
the  iron  stringer  plates  on  the  beam  ends  being  drawn  in 
strong  black  lines  under  the  wood  planking.  These  stringers 
should  always  be  strongly  secured  to  the  uppermost  strake  of 
the  side  plating  of  an  iron  ship  (termed  the  "  sheer-strake  "), 
which  is  often  made  thicker  or  doubled,  for  the  purpose 
of  increasing  the  longitudinal  strength.  Composite  ships 
also,  although  they  have  not  an  iron  skin,  are  usually  fitted 
with  a  sheer-strake.  At  the  outset  of  iron  shipbuilding,  the 
use  of  deck-stringers  was  not  general ;  but  as  the  sizes  of 
ships  increased,  the  necessity  for  adding  to  the  longitudinal 
strength  of  the  upper  decks  became  apparent,  and  stringers 
were  adopted.  The  breadths  of  these  stringers  have  been 
increased  as  still  larger  vessels  have  been  constructed ;  and 
at  the  present  time  it  is  very  common  to  find  the  whole,  or 
a  great  part,  of  the  surface  of  the  upper  and  main  decks  in 
large  iron  steam-ships  covered  with  plating.  These  complete 
or  partial  iron  or  steel  decks,  fitted  under  the  wood  planking, 
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are  most  valuable  additions  to  the  structural  strength,  and 
have  corrected  weaknesses  formerly  too  common  in  the  upper 
parts  of  iron  ships.  Complete  iron  and  steel  upper  decks 
have  been  fitted,  from  the  first,  in  the  iron-built  armoured 
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ships  of  the.  Eoyal  Navy,  and  have  proved  thoroughly 
e£Scient  In  the  Oreat  Eastern  the  exceptional  strength 
required  has  been  provided  by  a  very  unusual  construction 
of  the  upper  deck.  This  is  a  cellular  structure  formed  by 
two  strong  iron  skins  worked  above  and  below  deep  girders 
running  longitudinally.   Besides  the  unusually  strong  plating, 
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the  strength  of  the  girders  in  this  ship  therefore  comes 
into  play  against  hogging  or  sagging  strains ;  whereas  the 
transverse  beams  fitted  almost  without  exception  in  other 
ships  can  lend  no  assistance  to  the  decks  against  such  strains. 
In  the  largest  vessels  afloat,  excepting  the  OrecU  Eastern^ 
the  simpler  and  lighter  arrangement  of  iron  or  steel  decks 
worked  under  the  planking  is,  however,  found  to  answer 
every  purpose. 

Next,  as  to  the  lower  flanges  in  the  equivalent  girders  of 
the  different  classes  of  ships;  this  is  a  less  simple  case 
than  the  preceding. 

In  wood  ships  the  parts  included  in  the  lower  flange 
vary  considerably,  according  as  hogging  or  sagging  strains 
have  to  be  resisted.  The  bottom  planking  up  to  the  bilge, 
the  keel,  keelson,  and  binding  strakes  (h.  Fig.  102)  are  all 
effective,  although  not  equally  effective,  against  both 
hogging  and  sagging  strains.  It  is  a  common  practice 
to  fill  in  the  openings  between  the  ribs,  from  the  keel 
up  to  some  distance  from  the  bilge ;  and  this  has  a 
twofold  advantage.  In  case  of  damage  to  the  bottom 
planking  the  fiUings  keep  the  water  out  of  the  hold ;  and, 
moreover,  when  the  vessel  tends  to  hog,  and  her  bottom 
is  brought  under  compression,  the  lower  part  of  the  frames 
is  made  into  a  practically  solid  mass  of  timber,  the  fillings 
offering  great  resistance  to  any  change  of  form.  When 
sagging  takes  place,  and  the  bottom  is  brought  under 
tension,  the  fillings  can  lend  no  such  help  to  the  pieces 
lying  longitudinally,  and  the  difference  is  very  consider- 
able. It  is,  however,  noteworthy  that  in  ordinary  wood 
ships  the  severest  longitudinal  bending  moments  are  those 
tending  to  produce  hogging,  a  fact  which  makes  the 
use  of  fillings  of  the  greater  value.  To  assist  the  bottom  in 
resisting  the  tensile  strains  due  to  sagging,  iron  stringers 
have  been  fitted  in  some  few  cases  in  lieu  of  the  ordinary 
thick  binding  strakes ;  but  this  arrangement  is  not  so 
valuable  as  the  use  of  iron  strengthenings  to  the  upper 
deck. 
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In  ordinary  iron  ships  the  bottom  flange  of  the  girder  is 
made  up  of  the  keel,  keelson,  side  keelsons  (a.  Fig.  103),  hold 
stringers  (A),  and  the  bottom  plating.  These  are  all  effective 
against  both  hogging  and  sagging  strains ;  and,  as  already 
explained,  the  difference  in  the  sectional  areas,  effectiye 
against  tension  and  compression  respectively,  is  not  nearly 
so  marked  as  in  the  case  of  the  corresponding  part  of  a  wood 
ship.  The  transverse  frames,  or  ribs,  of  the  iron  ship 
are  20  inches  or  2  feet  apart,  there  being  nothing  oone- 
sponding  to  the  fillings  of  the  wood  ship.  Fig.  103  by  no 
means  represents  the  universal  practice  of  iron  shipbuilders 
as  to  the  arrangement  of  the  longitudinal  stiffeners  to  the 
bottom  plating.  There  are  very  many  varieties  of  side 
keelsons,  hold  stringers,  keelsons,  keels,  &c,  some  builders 
preferring  one  arrangement,  other  builders  preferring  an- 
other arrangement.  But  they  have  one  feature  in  common. 
The  mainframes  lie  transversely  like  those  of  a  wood  ship, 
and  do  not  contribute  to  the  longitudinal  {strength,  whereas 
the  longitudinal  pieces  are  supplementary  or  subordinate  to 
the  transverse  framing,  and  are  either  fitted  in  between  the 
ribs  (like  s),  to  secure  a  direct  connection  with  the  bottom 
plating,  or  over-ride  the  ribs  (lik  h,  Fig.  103).  This  is  a 
grave  defect  in  the  ordinary  mode  of  framing  iron  ships ; 
economy  of  weight  in  proportion  to  strength  would  be 
better  secured  if  the  main  frames  were  placed  longitudi- 
nally, and  thus  made  to  assist  the  skin  against  the  principal 
bending  strains. 

For  wood  ships  it  is  practically  a  necessity  to  place  the 
ribs  transversely,  and  in  the  earliest  iron  ships  the  arrange- 
ments of  wood  ships  were  naturally  imitated  to  a  consider- 
able extent.  The  moderate  size  of  the  earlier  iron  vessels 
rendered  almost  unnecessary  any  longitudinal  strengthen- 
ings to  the  bottom  other  than  were  furnished  by  the  engine 
and  boiler  bearers,  fitted  primarily  as  supports  to  the  pio- 
{K»lliu^  apparatus.  But  as  the  sizes  of  ships  increased,  the 
longitudinal  strengthenings  to  the  lK)ttom  were  multiplied, 
and  in  some  eases  the  bottom  was  thus  strengthened,  wlule 
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the  top  flange  of  the  girder  was  left  alinost  uncared  for,  the 
result  being  a  great  disproportion  between  the  strength  of 
the  top  and  bottom  flanges.  There^  are,  of  course,  many 
local  strains  to  be  borne  by  the  bottom  of  a  ship — such  as 
those  due  to  grounding,  the  carriage  of  cargo,  and  possible 
concentration  of  weights — which  are  not  paralleled  by  any 
strains  that  have  to  be  borne  by  the  decks;  but  to  give 
greatly  disproportionate  strength  to  either  flange  involves  a 
bad  distribution  of  the  material.  The  recent  use  of  iron 
upper  decks  and  broader  stringer  plates  has  partially  cor- 
rected an  evil  formerly  prevalent  in  iron  merchant  ships, 
but  the  upper  flange  is  still  commonly  made  much  weaker 
than  the  lower.  If  ships  fail,  they  usually  yield  to  hogging 
strains;  as  an  example  of  the  opposite  fault,  where  the 
upper  flange  of  the  equivalent  girder  yielded  to  the  com- 
pressive strains  incidental  to  sagging,  we  may  refer  to  the 
case  of  the  shallow-draught  steam-ship  Mary,  which  is 
alleged  to  have  foundered  in  consequence  of  the  upper  deck 
crushing  up  when  she  met  with  very  heavy  weather  in  the 
Bay  of  Biscay  on  her  passage  to  the  station  for  which  she 
was  designed. 

There  is  no  dispute  but  that  the  combination  of  strength 
with  lightness  would  be  more  eflBciently  secured  if  the  main 
frames  of  iron  ships  were  made  longitudinal  instead  of 
transverse.  The  continued  use  of  the  old  system  of  framing 
is  mainly  due  to  the  greater  cheapness  of  construction, 
rendered  possible  in  consequence  of  the  familiarity  of  the 
workmen  with  this  mode  of  building,  and  the  greater  rapidity 
with  which  the  work  can  be  carried  on.  Moreover,  by  fltting 
numerous  intercostal  side  keelsons,  hold-stringers,  &c.  suffi- 
cient longitudinal  strength  can  undoubtedly  be  given  to  the 
bottoms  of  even  the  largest  ocean  steamers,  400  to  500  feet 
in  length,  and  the  additional  weight  involved  is  not  thought 
of  so  much  importance  as  to  render  it  desirable  to  incur  the 
greater  cost  of  construction  of  the  longitudinal  system  of 
framing.  To  what  extent  weight  might  be  saved  on  the 
hull  and  added  to  the  carrying  power  by  adopting  longi- 
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tudinal  frames  will  appear  from  the  following  example,  giyen 
by  Mr.  Reed.*  On  a  mail  steamer  of  2700  tons  burden  it 
was  found  that,  by  making  the  transverse  framing  subordinate 
to  the  longitudinal,  a  saving  of  no  less  than  150  tons  could 
be  effected  in  the  weight  of  the  hull,  with  an  actual  increase 
in  the  longitudinal  strength,  and  no  fear  of  insufficient 
transverse  strength.  Such  a  saving,  as  already  explained,! 
really  constitutes  an  addition  to  the  carrying  power  of  the 
ship,  and  can  be  made  available  either  for  remunerative 
cargo  or  for  carrying  increased  weights  of  armour  or  arma- 
ment. Many  similar  examples,  drawn  from  actual  practice, 
might  be  given,  but  they  are  scarcely  needed  to  enforce  a 
truth  that  must  bo  nearly  self-evident.  If  the  dimensions 
of  ships  continue  to  increase,  and  steel  takes  the  place  of 
iron,  there  will  be  the  greater  probability  of  the  general 
adoption  of  longitudinal  instead  of  transverse  framing.  But 
at  present  the  advantages  in  rapidity  and  cheapness  of  con- 
struction suffice  to  maintain  the  old  system  in  use  throughout 
the  mercantile  marine. 

Composite  ships  resemble  ordinary  iron  ships  in  having 
the  main  frames  transverse;  and  the  bottom  flanges  of 
their  equivalent  girders  differ  from  those  of  the  iron  ships 
chiefly  in  that  they  include  wood  keels  and  bottom  planking. 
The  latter  especially  loses,  as  compared  with  iron  plating, 
in  its  resistance  to  the  tensile  strains  due  to  sagging 
moments.  No  equally  intimate  connection  can  be  made 
between  the  intercostal  side  keelsons  of  a  composite  vessel 
and  the  bottom  planking,  as  are  possible  between  such 
keelsons  and  the  bottom  plating  of  an  iron  ship.  Nor  can 
the  composite  ship  have  the  help  of  fillings  between  the 
frames  like  those  of  a  wood  ship.  These  are  the  only  points 
of  difference  that  need  be  mentioned. 

Although  the  transverse  system  of  framing  is  so  generally 
adopted  in  the  mercantile  marine,  there  are  not  a  few  ships 
in   which   longitudinal  framing  occupies   the   chief  place. 

•  See  page  84  of  NavcU  Science  for  1872.  f  See  Chapter  I.  jiage  3. 
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The  Oreat  Eastern  is  the  most  notable  example,  and  her 
structural  arrangements,  due  to  the  joint  labours  of  the  late 
Mr.  I.  K.  Brunei  and  Mr.  Scott  Russell,  furnish  good  evidence 
of  the  superiority  of  the  longitudinal  system.*  Other  and 
much  smaller  merchant  ships  have  been  built  on  very 
similar  principles;  and  in  all  the  iron-built  ironclads  of 
the  Royal  Navy  great  prominence  is  given  to  longitudinal 
framing.  Such  framing  is  of  the  greatest  advantage  in  the 
lower  parts  of  ships  lying  below  the  lower  deck.  The  com- 
paratively flat  surfaces  of  the  bottom  plating  below  the 
bilge  are  best  stiffened  against  buckling  by  longitudinal 
frames,  which  form  strong  girders  well  secured  to  the 
bottom  plating,  and  contribute  a  very  substantial  addition 
to  the  lower  flange  of  the  equivalent  girder  for  the  upright 
position.  At  the  bilge  there  is  usually  considerable  trans- 
verse curvature  in  the  bottom  plating,  a  fact  which  gives  it 
great  stiffness  in  itself  against  buckling  under  compressive 
strains,  due  either  to  hogging  moments  or  to  the  concentra- 
tion of  surplus  buoyancy ;  hence  immediately  at  the  bilge 
longitudinal  frames  are  not  so  much  required  for  the  purpose 
of  preventing  buckling.  Very  frequently  external  bilge- 
keels  are  fitted  just  at  this  part  of  the  bottom,  forming  good 
stiffeners  to  the  plating,  besides  adding  their  own  sectional 
areas  to  the  lower  flange  of  the  girder.  Above  the  bilge, 
and  below  the  lower  deck,  longitudinal  frames  are  again  of 
great  use,  especially  in  adding  to  the  longitudinal  strength 
when  the  ship  occupies  an  inclined  position,  and  is  subject 
to  hogging  or  sagging  moments.  When  we  reach  the  parts 
lying  above  the  lower  deck,  other  considerations  enter  and 
make  the  longitudinals  of  less  importance;  in  fact,  the 
decks   themselves  with    their    stringers,    &c.   form    most 


*  For  much  interesting  informa-  details  therein  given  that,  at  a  very 

tion  concerning  the  construction  of  early  period  after  the  introduction 

this  ship,  and  her  predecessors,  the  of  iron  ships,  Mr.  Brunei  perceived 

Oreat  Western  and  Oreat  Britain^  the  great  advantages   attaching  to 

sec  the  life  of  Mr.  Brunei,  published  longitudinal  framing, 
by  his  sou.     It  is  evident  from  the 
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efficient  longitudinal  stiffeners,  and  they  are  usually  so 
close  together  as  to  render  intermediate  longitudinals 
unnecessary.  Sometimes,  where  a  lower  deck  does  not 
extend  throughout  the  whole  length,  but  is  broken  for 
some  reason,  its  stringer  plate  is  continued  in  order  to 
form  a  stiffener,  as  shown  by  Z,  Fig.  103.  It  may,  however, 
be  regarded  as  the  rule  that  the  decks  need  no  aid  of  this 
kind,  and  that  the  only  framing  required  in  the  upper  parts 
of  ships  is  vertical  and  transverse.  Such  framing  stiffens 
most  efficiently  the  almost  upright  side  plating,  gives 
facilities  for  attaching  the  beams  to  the  side,  and  answers 
other  purposes.  The  extent  to  which  it  is  adopted  must 
of  course  depend  upon  the  special  conditions  of  each  class  of 
ship.  Widely  spaced  vertical  frames  suffice  in  the  upper 
parts  of  the  (hreat  Eastern;  whereas  in  armoured  ships 
these  frames  are  very  closely  spaced,  in  order  to  assist  in 
strengthening  the  target  formed  by  the  armoured  side. 
Fig.  104  illustrates  the  last  mentioned  case;  below  the 
annour,  the  main  frames  are  longitudinal,  as  shown;  but 
behind  the  armour  the  principal  frames  are  vertical,  being 
spaced  only  2  feet  apart  (see  the  section  at  cd).  The 
longitudinal  girders  worked  between  the  strakes  of  the 
wood  backing  are  not  fitted  primarily  with  a  view  to 
increase  the  longitudinal  strength  of  the  structure,  although 
they  have  this  effect,  but  are  intended  to  increase  the  resist- 
ance of  the  target  formed  by  the  side  of  the  ship  against 
penetration  or  damage  by  projectiles. 

Looking  a  little  more  closely  into  the  arrangements  illus- 
trated in  Fig.  104,  it  will  be  evident  that  the  lower  flange 
of  its  equivalent  girder  must  be  much  stronger  than  that  of 
the  ordinary  iron  ship  illustrated  by  Fig.  103.  The  longi- 
tudinal frames  of  the  ironclad  are  numerous  and  strong, 
as  compared  with  the  longitudinal  strengthenings  of  the 
merchant  ship.  These  frames,  as  already  explained,  are 
of  great  value  in  preventing  buckling,  and  resisting  the 
tensile  strains  due  to  sagging,  even  when  there  is  only  a 
single  outer  skin.     But  their   efficiency  in  these  respects 
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and  the  strength  of  the  lower  flange  of  the  girder  are  both 
very  greatly  increased  by  the  adoption  of  the  inner  skin 
plating,  forming  a  double  bottom.  This  cellnlai  construc- 
tion is  shown  by  experiment  to  develop  most  efSciently  the 


strength  of  a  structure  formed  of  wiought-iron  platea  and 
bars,  any  one  of  which,  taken  singly,  has  little  strength  to 
resist  bending.  It  is  unnecessary  to  repeat  what  has  already 
been  said  respecting  the  gain  io  safety  duo  to  the  use  of 
double  bottoms,  this  being  so  great  that,  even  if  there  were 
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no  gain  in  structural  strength,  the  shipbuilder  would  be 
fidly  justified  in  adopting  the  arrangement. 

Cellular  double  bottoms  require  the  sacrifice  of  some  of 
the  hold  space,  and  this  is  an  objection,  from,  a  commeicial 
point  of  Tiew,  to  their  use  in  merchant  ships,  where  the 
cargo-carrying  capacity  is  of  very  considerable  importance. 
Partial  double  bottoms,  extending  from  the  bilges  to  the 
keel,  are,  however,  frequently  fitted,  chiefly  for  the  purpose 
of  holding  water  ballast,  but  the  inner  skins  and  longitudinal 
keelsons  often  fitted  in  these  tanks  add  considerably  to  the 
longitudinal  strengtlL  Some  of  the  earlier  ironclads  of  the 
Boyal  Navy  are  similarly  circumstanced,  having  only  partial 
double  bottoms;  but  the  general  practice  has  been  for 
many  years  to  fit  complete  double  bottoms,  as  in  Fig.  104. 
It  has  already  been  explained  *  that  the  double  bottom  does 
not  extend  throughout  the  whole  length  of  the  ships,  but 
usually  leaves  about  one-sixth  of  the  length  at  either  end 
destitute  of  this  strengthener  and  protection.  While  the 
safety  of  the  ship  at  the  extremities  is  provided  for  by  the 
other  means  previously  described,  her  strength  at  any  cross- 
section  outside  the  double  bottom  is  much  lessened  by  the 
absence  of  the  inner  skin.  It  is,  however,  to  be  observed 
that  the  strains  to  which  these  parts  are  subjected  are  much 
less  severe  than  those  borne  by  sections  lying  fSeirther  from 
the  extremities,  so  that  in  proportion  to  these  strains  the 
strength  is  ample. 

Thirdly,  attention  must  be  directed  to  the  webs  or  vertical 
portions  of  the  equivalent  girders  for  different  classes  of 
ships. 

In  ordinary  wood  ships  the  outside  planking,  as  well  as 
that  inside,  is  worked  (as  shown  in  Figs.  100  and  102)  in 
one  thickness,  and  made  up  of  comparatively  narrow 
planks,  or  "  strakes,"  the  butts  and  edge-seams  of  which  are 
caulked.    This  phuikin<r,  with  the  shelf-pieces  under  the 


•  See  Figs.  lS-25,  iMigc  30. 
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beams,  and  the  diagonal  strengtheners,  form  the  web  of  the 
girder.  The  ultimate  strength  of  these  parts  against  cross- 
breaking  strains  is  no  doubt  ample  in  all  or  nearly  all 
cases  ;  and  what  has  to  be  regarded  is  rather  their  strength 
to  resist  the  racking  strains  which  always  accompany 
bending. 

Eeverting  to  the  case  of  the  beam  in  Fig.  101,  it 
will  be  seen  that,  although  the  total  of  the  tensile  forces 
experienced  by  any  cross-section  equals  the  total  of  the 
compressive  forces,  these  two  resultants  act  in  opposite 
directions,  and  therefore  tend  to  rack  or  distort  the  beam, 
this  racking  strain  reaching  its  maximum  at  the  neutral 
surface,  and  gradually  decreasing  to  nothing  at  the  top  and 
bottom  of  the  beam.  So  long  as  the  beam  is  in  one  piece, 
or  so  long  as  the  pieces  forming  its  web  are  well  connected 
together  edgewise,  there  is  no  difficulty  in  meeting  this 
racking  strain.  But  if  a  beam  were  constructed  of  which 
the  web  consisted  of  strakes  or  narrow  planks  placed  edge 
on  edge,  and  having  little,  connection  edgewise,  then 
obviously,  as  the  beam  bent,  these  planks  would  be  made  to 
slide  upon  one  another  by  the  racking  strains.  And  if  these 
strakes  were  crossed  at  right  angles  by  ties,  corresponding 
to  the  ribs  or  timbers  of  a  wood  ship,  these  ties  would  add 
little  to  the  strength  of  the  web  against  racking.  For  (to 
quote  the  well-known  illustration  of  Sir  Robert  Seppings), 
if  a  field-gate  be  made  of  pieces,  all  lying  paraUel  or  at 
right  angles  to  one  another,  its  resistance  to  distortion 
of  form  will  be  very  small.  On  the  contrary,  if  the 
strakes  forming  the  web  are  crossed  by  diagonal  ties — 
corresponding  to  the  cross-bar  of  the  gate — there  will  be  a 
great  addition  to  the  strength  of  the  combination  against 
racking  and  distortion  of  form. 

Such  are  the  simple  principles  upon  which  the  use  of 
diagonal  "  riders  "  or  ties  in  wood  ships  is  principally  based. 
The  side  planking  above  the  bilge  has  in  itself  little  strength 
to  resist  racking  strains ;  and  in  many  cases  these  strains 
have  been  so  severe  as  to  show  marked  evidence  of  their 
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action.  When  the  line-of-battle  ship  Cee»ar  stopped  on  the 
launching  ways  and  broke  considerably,  it  was  in  the  plank- 
ing near  the  middle  of  her  depth  that  working  was  most 
apparent ;  the  diagonal  riders  also  showed  signs  of  severe 
straining.  Moreover,  it  is  a  matter  of  common  observation 
that,  when  the  caulking  of  the  seams  of  planking  in  a  wood 
ship  becomes  slack  and  needs  renewal,  she  is  mnch  more 
liable  to  working  in  the  longitudinal  sense.  This  circum- 
stance is  easily  explainable,  seeing  that,  when  well  caulked, 
there  is  a  much  greater  resistance  to  the  relative  motion 
of  the  planks  which  racking  strains  tend  to  produce. 
Diagonal  riders  furnish,  however,  the  best  corrective  for  this 
source  of  weakness,  if  a  single  thickness  of  planking  is 
worked.* 

When  first  introduced  into  the  Boyal  Navy  by  Sir 
Bobert  Seppings,  early  in  the  present  century,  these  riders 
consisted  of  massive  timbers,  worked  inside  the  transverse 
ribs  of  the  ship.  But  for  many  years  past  iron-plate  riders 
have  been  substituted  for  the  timber  riders,  and  with  very 
great  advantage.  In  Fig.  102  these  riders  are  indicated  in 
both  the  cross-section  and  the  inside  view,  being  marked  r^r. 
It  will  be  observed  that  they  are  worked  inside  the  ribs, 
and  inclined  45  degrees  to  the  vertical.  Wood-built 
merchant  ships  are  usually  furnished  with  similar  iron 
riders,  which  are  often  worked  outside  the  timbers;  and 
that  arrangement  has  some  advantages  in  point  of  strength, 
although  it  is  not  so  convenient  to  execute  during  the  con- 
struction of  a  ship.  Whether  fitted  inside  or  outside,  the 
riders  are  usually  inclined  so  that  their  upper  ends  slope 
towards  the  midship  section  of  the  ship;  near  the  middle 
of  the  length  (as  shown  on  the  inside  view.  Fig.  102) 
the  two  systems  of  riders  belonging  to  the  fore  and  after 
bodies  respectively  are  made  to  cross  each  other  at  right 


*  In  some  small  vessels  built  by  to  prevent  racking.    A  similar  plan 

the  late  Mr.  Ditchbum,  bolts  were  of  bolting  is  Sometimes  adopted  in 

driven  edgewise  throngh  adjacent  certain  portions  of  the  bottom  plank- 

strakes  of  the  skin  planking,  in  order  ing  of  ordinary  wood  ships. 
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angles.  In  some  cases  where  special  strength  is  desired,  this 
duplicate  arrangement  of  the  riders  is  carried  right  fore  and 
aft,  as  in  her  Majesty's  ship  Caledonia  ;  but  the  more  common 
plan  is  to  have  one  system  only.  It  will  be  observed  that, 
as  usually  arranged,  these  iron  riders  are  very  efficient  aids 
against  hogging  strains;  which  are  those  most  injurious  to 
wood  ships.  When  hogging  takes  place,  the  ends  must  drop 
relatively  to  the  middle,  a  change  of  form  which  would 
bring  the  iron  riders  under  tensile  strains,  the  kind  of 
strains  which  they  are  best  fitted  to  resist.  Against  com- 
pressive strains  these  thin  narrow  bands  of  iron  cannot  be 
nearly  so  efficient  as  against  tensile  strains,  so  that,  as 
commonly  fitted,  riders  are  not  of  much  service  against 
sagging  strains,  except  amidships,  where  the  two  systems 
overlap  one  another.  Of  course  it  is  amidships  that  the 
severest  strains  are  experienced,  so  that  the  crossing  of  the 
riders  there  is  a  great  advantage ;  and  it  has  been  suggested 
that,  if  the  duplication  of  the  systems  were  carried  through, 
say,  one-third  or  one-half  of  the  length  amidships,  there 
would  be  a  further  gain  in  strength,  owing  to  the  circum- 
stance that  the  riders  would  then  assist  against  sagging  as 
well  as  hogging. 

Composite  ships  of  the  mercantile  marine  are  usually  built 
with  a  single  thickness  of  planking,  and  consequently  need 
diagonal  strengtheners.  One  common  plan  of  fitting  these 
is  to  have  rider  plates  riveted  outside  the  iron  frames,  and 
inclined  45  degrees  to  the  vertical.  The  upper  ends  of  those 
riders  are  attached  to  the  sheer  strake,  and  the  lower  to 
another  detached  longitudinal  tie,  formed  by  a  strake  of 
plating  worked  at  the  bilge. 

The  composite  ships  of  the  Royal  Navy  are  built  with 
their  outside  planking  in  two  thicknesses.  The  edge-seams 
of  the  planks  in  the  inner  thickness  are  each  covered  by  a 
plank  of  the  outer  thickness ;  the  seams  of  the  outer 
thickness  being  similarly  covered  by  the  planks  of  the 
inner  thickness.  A  strong  edgewise  connection  is  thus 
made  in  the  double  skin,  and  consequently  diagonal  rider 
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plates  are  dispensed  with.  It  should  he  added  that  this 
plan  of  working  the  planking  in  two  layers  is  principally 
adopted  because  these  vessels  have  their  bottoms  covered 
with  copper  sheathing,  and  any  injurious  galvanic  action  of 
the  copper  on  the  iron  hull  can  thus  be  avoided. 

Other  composite  ships  have  been  constructed  with  the 
outside  planking  in  two  thicknesses,  one  or  both  of  which 
had  the  planks  worked  diagonally  ;  it  was  then  unnecessary 
to  fit  diagonal  rider  plates  to  assist  the  skin  against  racking 
stmins. 

This  diagonal  system  of  planking  has  also  been  adopted 
in  some  special  classes  of  wood  ships  with  great  success. 
The  royal  yachts  are  examples  of  this  system  of  con- 
struction, and  Mr.  White,  of  Cowes,  has  applied  it  in  many 
vessels  built  at  his  yard.  Three  thicknesses  of  planking  are 
employed,  the  two  inside  being  worked  diagonally,  and  the 
outer  one  longitudinally.  The  two  diagonal  layers  are  inclined 
in  opposite  directions,  and  the  skin  thus  formed  possesses 
such  superior  strength  to  the  skin  of  an  ordinary  wood  ship 
that  there  need  be  comparatively  little  transverse  framing 
above  the  bilges.  Direct  experiments  with  models,  and  the 
experience  gained  with  ships  built  on  this  plan,  have 
demonstrated  its  great  superiority  in  the  combination  of 
strength  with  lightness.  The  royal  yacht  Victoria  and 
Alberty  built  on  this  plan,  with  her  unusually  powerful  engines 
and  high  speed,  is  subjected  to  excessively  great  sagging 
moments,'  but  has  continued  on  service  for  twenty  years 
with  complete  exemption  from  signs  of  weakness.  Like 
many  other  improved  systems  of  construction,  this  is  found 
mther  more  expensive  than  the  common  plan ;  but  if  wood 
had  not  been  largely  superseded  by  iron,  probably  much 
more  ext^-nsive  use  would  have  been  made  of  the  diagonal 
svstem. 

It  may  be  mentioned  that  the  large  steam  and  sailing 
launches  employed  in  the  Royal  Navy  are  built  on  a  some- 


•  See  tlie  remarks  at  page  278. 
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what  similar  plan ;  the  skin  planking  is  in  two  thicknesses, 
worked  diagonally,  with  the  two  layers  inclined  in  opposite 
directions.  These  boats  answer  admirably,  and  have  only 
frames  on  the  flat  of  the  floor,  where  the  wear  and  tear  of 
grounding  have  to  be  borne. 

Iron  ships  have  outer  skins  formed  by  numerous  plates, 
each  of  which  is  strongly  fastened  at  the  edges,  as  well  as  the 
butts,  to  the  plates  adjacent  thereto.    Such  a  combination  is 
very  strong  against  longitudinal  racking  strains,  and  needs 
no  supplementary  strengthening  such  as  the  diagonal  riders 
of  wood  or  composite  ships.     Many   proposals   have  been 
made,  and   several  plans    have   been    patented  for  using 
diagonal  strengthenings  in  iron  ships,  the  superiority  of  an 
iron  skin,  and  its  capability  of  resisting  and  transmitting 
strains    in  all   directions,  not  having  been  apprehended. 
From  the  bilges  upwards,  the  outside  plating  forms  the 
principal  part  of  the  web  of  the  equivalent  girder  section 
in  ordinary  iron   ships   like  that   in  Fig.  103 ;   and  when 
properly  stiffened,  it  acts  this  part  most  eflSciently  when 
the  ship  is   upright.     When  she  is   considerably  inclined, 
some  parts  of  the  same  plating  contribute  strength  to  the 
flanges  of  the  girder-section  for  that  position,  as  already 
explained.     Vessels  with    double   bottoms    extending  far 
up  the  side,  or  with  wing-passage  bulkheads  like  that  in 
Fig.  104,  gain  much  on  vessels  with  single  bottoms,  since 
the  additional  skin  contributes  to  the  strength  of  the  web 
of  the  girder  for  the  upright  position,  and  to  the  strength 
of  the  flanges  of  the  girders  for  inclined  positions.     Any 
other  longitudinal  bulkheads  which  extend  over  a  consider- 
able length  in  the  ship  may  also  be  regarded  as  contributing 
to  the  longitudinal  strength,  and  one  of  the  most  valuable 
additions  of  this  kind  that  can  be  made  to  a  ship  is  a  middle- 
line  bulkhead  like  that  shown  in  Figs.  18-25  (page  30)  for 
an  ironclad   of  recent  type.     The  longitudinal  bulkheads 
fitted  in  the  Greai  Eastern  add  greatly  to  her  longitudinal 
strength.     It  need  hardly  be  said,  however,  that  such  bulk- 
heads are  fitted  primarily  with  a  view  to  increase  in  safety 

z 
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or  accommodation ;  the  increase  in  stmctural  strength 
being  a  secondary  conrideration. 

Mention  may  also  be  made,  in  passing,  of  a  plan  upon 
which  a  few  iron  ships  have  been  built,  intermediate  in 
chara<!ter  between  ships  with  transyerse  frames  and  others 
with  longitudinal  frames.  The  main  frames  in  these  special 
yessels  lie  diagonally,  somewhat  after  the  fftshion  of  riders, 
and  therefore  cross  the  probable  line  of  fracture  of  the 
plating  in  ordinary  iron  ships,  which  line,  it  has  been  said, 
would  lie  in  a  transyerse  plane.  It  is  hoped,  therefore, 
either  to  diyert  the  line  of  fr^tcture  from  this  transyerse 
plane  to  some  longer  and  stronger  dia^i^onal  line  or  else  to 
make  the  diagonal  frames  add  to  the  strength  of  the 
transyerse  section  which  giyes  the  smallest  effectiye 
sectional  area  to  the  bottom  plating.  The  plan  has  not 
found  fayour  with  shipbuilders,  nor  does  it  seem  comparable 
to  the  longitudinal  system,  either  in  cheapness  and  sim- 
plicity of  construction  or  the  combination  of  lightness 
with  strength. 

Vessels  designed  for  seryice  in  shallow  waters  often  haye 
their  hulls  strengthened  longitudinally  by  girders.  It  has 
been  shown  that  the  defih  of  any  cross-section  of  a  yessel 
has  a  great  influence  upon  the  amount  of  its  resistance  to 
bending  strains ;  and  in  these  special  yessels  the  depths  of 
the  hulls  are  so  small  as  to  render  supplementary  strength- 
enings essential.  The  American  riyer  steamers  before  men- 
tioned  furnish  good  examples.  Their  hulls  are  extremely 
shallow,  and  have  to  carry  an  enormous  superstructure  of 
saloons,  &c.,  although  they  haye  in  themselyes  little  longi- 
tudinal strength.  To  supply  this,  what  is  termed  a  "hog 
I'rame  "  is  constructed.  It  consists  of  a  strong  side  keelson 
tittel  along  the  flat  floor  of  the  yessel,  at  some  distance  out 
from  the  keel.  Upon  this  keelson  are  erected  a  series  of 
timber  pillars,  and  along  oyer  the  heads  of  the  pillars  a 
strong  continuous  timber  beam  or  tie  is  carried,  diagonal 
struts  being  fitted  between  it  and  the  keelson.  A  light 
but    strong   timber   girder  of  considerable   depth   is   thus 
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firmly  combined  with  the  shallow  bnll, 
and  made  to  help  it  efficiently  againet 
bogging.*  Id  other  light-draught  veseele 
built  for  river  or  coast  service,  with  iron 
or  steel  hulls,  arrangements  bare  been 
adopted  similar  in  principle  to  the  fore- 
going, iron  or  steel  lattice  girders  having 
been  substituted  for  the  more  cumbrous 
and  less  efficient  h(^  frame.  These  vessels, 
being  designed  for  smooth -water  service, 
are  not  subjected  to  longitudinal  strains 
of  80  severe  a  character  as  those  ex- 
perienced by  ships  at  sea,  and,  what  is 
still  more  important,  their  strains  remain 
nearly  constant  in  character  as  well  as 
intensity.  Hence  their  case  is  much 
more  easily  dealt  with  in  the  manner 
described,  than  is  that  of  a  sea-going  ship 
which  has  to  bear  rapid  and  extreme 
variations  of  longitudinal  bending  strains 
while  she  rolls  &om  side  to  side  in  a  sea- 
way. At  the  same  time,  there  is  consider- 
able range  for  the  exercise  of  ingenuity 
in  securing  the  lightness  of  construction 
demanded  by  the  shallow  draught.  The 
conditions  of  the  problem  resemble  more 
closely  those  of  bridge  construction  than 
those  connected  with  the  construction  of 
sea-going  ships,  with  which  we  are  more 
especially  concerned. 

Figs.  105  and  106  furnish  illustrations 
of  this  class;  being  respectively  a  side 
view  and  cross-section  of  a  tug-boat  Imilt 


"  See  a  very  interesiing  papct'on  the'subject  by 
Mr.  Nonnan  Buasell,  in  vol.  ii,  of  the  Tranmictiom 
of  the  Inslitulion  of  Nnval  Architects. 
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for  the  Godavery  river  from  the  designs  of  Mr.  J;R.  Napier, 

about  eight  years  ago.* 
The  draught  of  water  was 
not  to  exceed  one  foot; 
it  was  consequently  ne- 
cessary to  make  the 
structure  as  light  as  pos- 
sible, and  steel  was  used 
instead  of  iron.  The  hull 
proper  is  that  of  a  shallow 
open  boat,  about  3^  feet 
deep;  it  is  formed,  as 
shown  in  Fig.  106,  of 
steel  plates  \  inch  thick, 
with  each  strnke  of 
plating  stiffened  by  a 
longitudinal  angle-bar. 
The  transverse  frames  con- 
sist of  angle-bars,  spaced 
9  feet  apart,  and  therefore 
quite  subordinated  to  the 
longitudinal  frames.  The 
hull  proper,  being  so 
shallow  and  without  a 
deck,  could  not  contri- 
bute the  necessary  longi- 
tudinal strength;  but  this 
is  obtained  in  a  very 
ingenious  manner.  An 
awning  was  necessary  to 
furnish  protection  from 
a  vertical  sun  and  tro- 
pical rains ;  it  is  marked 

a,  a  in  the  diagrams,  and  is  about  10  feet  above  the  bottom. 


♦  The  drawings  and  particulars  are  taken  from  vol.  viii.  of  the  Tmio- 
actians  of  the  Institution  of  Naval  Architects. 
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To  convert  this  into  an  eflScient  upper  flange,  it  is  formed 
of  steel  plates  ^  inch  thick,  each  strake  being  stiffened  by 
a  longitudinal  angle-bar.  Transverse  angle-bars  are  fitted, 
9  feet  apart,  vertically  over  the  corresponding  transverse 
frames  of  the  hull,  and  diagonal  braces  (o,  c.  Fig.  106) 
connect  the  corresponding  transverse  stiffeners  to  hull  and 
awning,  preventing  the  latter  from  being  pulled  or  blown 
over.  Lattice  girders  (6,  6,  Fig.  106)  formed  by  diagonal 
and  vertical  bars,  as  shown  in  Fig.  105,  are  fitted  on  each 
side  to  strengthen  the  connection  between  the  awning  and 
the  hull,  and  to  enable  them  to  act  together  in  resisting 
longitudinal  bending.  The  diagrams  explain  further  par- 
ticulars. The  vessels  are  driven  by  paddles  placed  under 
the  sloping  stem ;  the  boiler  is  placed  at  the  bow,  where 
there  is  also  a  steam  capstan ;  and  the  tow-rope  is  secured 
near  the  middle  of  the  length  and  led  along  over  the 
awning. 

Keverting  to  the  general  discussion  of  the  principles  which 
should  govern  the  distribution  of  the  material  in  order  to 
secure  suflScient  longitudinal  strength  at  any  cross-section 
of  a  ship,  it  will  be  obvious  that,  if  ships  always  remained 
upright,  it  would  be  advantageous  to  decrease  the  amount  of 
material  near  the  neutral  axis  of  the  equivalent  girder.  This 
could  best  be  done  by  thinning  the  skin  plating  or  planking 
at  this  part,  and  in  ordinary  iron  merchant  ships  some 
slight  reductions  in  thickness  are  often  made.  It  must  not 
be  forgotten,  however,  that  inclined  positions  will  be  occu- 
pied by  ships  which  are  subjected  to  longitudinal  bending 
moments,  and  then  plating  which  forms  part  of  the  web  for 
the  girder  in  the  upright  position  may  form  part  of  the 
flange,  and  be  capable  of  yielding  great  assistance  to  the 
structure.  Hence  it  is  not  uncommon  to  find  that,  after 
fitting  a  few  thick  strakes  of  plating  from  the  keel 
outwards  to  the  bilges,  where  the  severe  local  strains  due 
to  grounding  are  principally  felt,  the  rest  of  the  bottom 
plating  is  made  of  uniform  thicknesli  up  to  the  sheer  strake. 
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which  is  made  thicker  for  reasons  preyiously  assigned. 
Wood  ships  usually  have  their  thieked  planking  in  the 
neighbourhood  of  the  middle  of  the  depth,  where  it  can  be 
least  efiectiye  against  longitudinal  bending  strains  when  the 
ship  is  upright ;  but  these  wales  are  probably  the  outgrowth 
of  the  rubbing  strakes  formerly  fitted  near  the  main  breadth, 
and  they  also  form  strong  ties  above  and  below  the  lines  of 
ports  in  many  classes  of  wooden  war-ships,  thus  restoring,  to 
some  extent,  the  loss  of  strength  due  to  the  want  of  con- 
tinuous longitudinal  planking  in  wake  of  the  ports.  More- 
over, when  vessels  approach  the  "  beam-end "  position,  the 
wales  are  of  considerable  assistance  in  resisting  longitudinal 
bending. 

Modem  war-ships  have  their  structural  arrangements  very 
much  controlled  by  the  necessity  for  protecting  certain  parts 
by  armour.  The  general  considerations  based  upon  the 
comparison  of  a  ship  to  a  girder  are  therefore,  to  a  large 
extent,  overruled,  material  being  massed  in  flanges  formed 
by  decks  near  the  middle  of  the  depth,  or  thrown  into  the 
centre  of  the  web  of  the  girder  for  the  upright  position, 
instead  of  being  added  to  the  upper  part  or  to  the  upper 
deck.  For  instance,  to  increase  the  resisting  power  of  the 
target  formed  by  the  armoured  side,  the  skin-plating  behind 
the  armour  is  made  about  twice  as  thick  as  the  bottom  plating, 
although  its  situation  is  not  very  favourable  to  its  efficient 
contribution  of  longitudinal  strength.  Nor,  to  give  one 
other  example,  do  the  strongly  plated  decks  fitted  some 
5  or  6  feet  above  water  (as  in  the  belted  ships)  or  an  equal 
distance  below  water  (as  in  the  central-citadel  type)  con- 
tribute to  the  longitudinal  strength  at  all  to  the  same  extent 
as  the  same  weight  of  iron  difierently  distributed  might  do. 
The  armour  plating  itself  also,  even  when  arranged  and 
fastened  with  the  utmost  care,  must  be  regarded  rather  as  a 
load  carried  by  the  structure  than  as  adding  much  to  the 
longitudinal  strength.  Being  attached  to  the  upper  part 
of  the  ship,  the  armour  is  subjected  to  tensile  strains  when 
hogging  moments  act  upon  the  structure.     Against   awch 
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strains  it  is  certain  that  the  armour,  as  usually  fastened,  can 
only  develop  a  small  portion  of  its  full  strength,  the  fasten- 
ings which  secure  it  to  the  hull  not  being  of  such  a  character 
as  to  render  this  possible.  On  the  contrary,  when  sagging 
moments  are  experienced,  the  armour  plates,  being  carefully 
fitted  at  the  butts,  can  oflFer  very  great  resistance  to  com- 
pression, and  render  valuable  assistance  to  the  hull  proper. 
Other  means  might  be  found  of  connecting  the  butts  of 
armour  plates  and  increasing  their  resistance  to  tensile 
strains ;  but  hitherto  it  has  not  been  thought  necessary  to 
make  the  attempt.  Hence  it  is  customary,  in  calculations 
for  the  strengths  of  equivalent  girders  for  ironclad  ships, 
to  consider  side  armour  as  eflBcient  only  against  compressive 
strains,  and  not  to  take  any  credit  for  the  help  it  may 
render  against  tensile  strains  due  to  hogging  moments. 
This  is  an  omission  on  the  side  of  safety,  and  in  all  questions 
connected  with  the  strength  of  a  structure  exposed  to  such 
great  and  rapidly  varying  strains  as  those  experienced  by 
ships,  a  good  margin  of  safety  is  desirable. 

The  severest  hogging  and  sagging  moments,  corresponding 
to  exceptional  positions  of  support  for  ships  aHoat  or  ashore, 
have  been  shown  to  have  their  maxima  at  cross-sections 
lying  at  or  near  the  middle  of  the  length.  Other  cross- 
sections  are  subjected  to  bending  moments  decreasing  in 
amoimt  as  the  distance  from  the  midship  section  increases, 
and  finally  at  the  extremities  the  zero  of  moment  is  reached. 
This  diminution  of  the  bending  moments  from  the  middle 
of  a  ship  towards  her  ends  would,  if  she  were  regarded  as 
a  whole,  render  possible  some  diminution  in  the  strength 
of  other  cross-sections  as  compared  with  the  strength  of  the 
midship  section.  And  although  local  strains  and  other 
considerations  interfere  somewhat  with  the  application  of 
the  general  principle,  it  still  remains  true  that  the  fullest 
association  of  lightness  with  strength  requires  that  the 
shipbuilder  shall  bestow  attention  upon  the  longitudinal  as 
well  as  the  vertical  distribution  of  the  material. 
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In  deciding  upon  what  reductions  of  scantlings  or  thick- 
nesses are  possible  in  the  parts  lying  towards  the  ends  of  a 
ship,  the  builder  has  to  note  two  important  facts.  First, 
the  gradual  narrowing  of  the  ship  towards  the  extremities 
is  in  itself  a  cause  of  decrease  in  the  strenath  of  cioss- 
sc3('tions ;  it  lessens  the  sectional  areas  of  the  planking  or 
plating  on  decks,  sides,  and  bottoms ;  and  not  unfrequently, 
owing  to  the  reduction  in  girths,  there  are  fewer  longitudinal 
Htiffeners  at  the  ends  than  amidships.  Second,  when  a 
ship  is  very  considerably  in  lined,  the  narrowing  of  the 
decks  produces  a  virtual  decrease  in  the  depth  of  the  equi- 
valent girder  sections ;  this  may  be  regarded  as  the  source 
of  a  still  further  loss  of  strength  to  the  cross-sections 
lying  towards  the  extremities,  which  is  not  in  operation 
when  the  ship  is  upright.  For  the  upright  position  the 
depth  of  tho  equivalent  girders  then  remains  practically 
constant  for  all  cross-sections  throughout  the  length. 

These  facts,  taken  in  connection  with  local  requirements, 
have  led  shipbuilders  to  make  only  a  small  decrease  in  the 
thickne-^ses  of  the  planking,  plating,  &c.  forward  and  aft  as 
compared  with  the  thicknesses  used  amidship.4.  In  wood 
ships  the  thickest  outer  planking,  the  wales,  is  reduced  in 
thickness  towaids  the  bow  and  stern.  In  iron  ships  of  the 
mercantile  marine  it  is  customary  to  maintain  the  midship 
thicknesses  throughout  one  half  the  length,  and  at  the  ex- 
tremities to  reduce  the  thickness  of  the  outer  skin  by  about 
•^  inch,  besides  either  narrowing  the  stringers  on  the  decks 
or  decreasing  the  thickness  of  stringers  and  deck  plating. 
Vessels  framed  on  the  longitudinal  system  have,  in  addition, 
the  depths  of  their  longitudinal  frames  decreased  towards 
the  extremities,  and  as  the  girths  of  the  sections  become 
less,  the  practice  is  to  stop  short  one  or  more  of  the 
longitudinals.  These  are  the  main  changes  that  need  now 
bo  mentioned ;  they  do  not  effect  any  considerable  difference 
in  the  scantlings  at  the  extremities  as  compared  with  those 
amidships,  and  although  some  writers  have  recommended 
much  more  marked  differences  between  the  central  part  of  a 
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ship  and  her  ends,  the  general  feeling  and  experience  of 
shipbuilders  have  not  gone  in  this  direction. 

Local  requirements,  as  remarked  above,  exercise  a  very 
great  influence  on  the  longitudinal  distribution  of  the 
material,  often  in  a  direction  exactly  opposite  to  that 
in  which  the  consideration  of  the  strength  of  the  ship  as 
a  hollow  girder  would  lead.  Many  examples  of  this  will 
occur  to  the  reader  who  has  an  acquaintance  with  the 
details  of  shipbuilding;  only  two  or  three  of  the  most 
important  can  now  be  mentioned.  The  plating  near  the 
stern  in  a  screw  steamer,  from  the  girder  aspect  of  the 
case,  might  be  made  as  thin  as  any  plating  on  the  ship, 
but  as  a  matter  of  fact  it  is  as  thick  as  any,  the  reason 
being  that  the  local  strains  due  to  screw  propulsion  require 
strong  plating  to  be  fitted  between  the  stem-post  and  the 
stuflBng-box  bulkhead  next  before  it.  Passing  to  the  other 
extremity  of  an  ironclad  ship,  another  instance  is  found.  In 
order  to  meet  the  local  strains  produced  by  the  chafing  of 
the  cables,  and  rubs  or  blows  of  the  anchors  on  the  bows,  it 
is  usual  in  ships  of  the  Royal  Navy  to  double  the  plating 
for  some  distance ;  and  this  additional  thickness,  of  course, 
adds  much  to  the  strength  of  a  ram-bow;  but  here  again, 
reasoning  from  the  girder,  a  minimum  thickness  of  plating 
should  suffice. 

From  the  considerations  stated  in  this  and  the  preceding 
chapter,  it  will  be  obvious  that  the  ratio  of  the  depth  of  a 
ship  to  her  length  should  exercise  great  influence  upon  the 
provision  of  longitudinal  strength.  The  maximum  longi- 
tudinal bending  moment  for  any  class  is  expressible  in 
terms  of  the  product  of  the  weight  into  the  length  of  a  ship. 
On  the  other  hand,  the  moment  of  resistance  of  an  equivalent 
girder  section,  like  that  in  Fig.  99,  is  very  considembly 
influenced  by  the  depth.  Hence  it  is  usual  in  merchant 
ships  to  make  special  provisions  in  ships  exceeding  eleven 
times  their  depth  in  length ;  and  the  shallower  a  ship  is  in 
proportion  to  her  length,  the  greater  should  be  the  amount 
c^f  material  contributing  to  the  longitudinal  strength.     In 
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cases  where  the  hull  proper  is  extremely  shallow,  reoonrse  is 
had  to  some  device  for  yirtnally  increasing  the  depth,  like 
that  in  Figs.  105  and  106.  War-ships  of  nearly  all  classes 
are  of  greater  proportionate  depths  than  merchant  ships. 

The  proportions  of  length  to  breadth  also  have  to  be 
considered  in  adjusting  the  amount  of  longitudinal  strength ; 
the  breadth  influences,  as  we  have  seen,  the  strengths  of 
the  decks,  the  plating,  &c.,  and  affects  the  depths  and 
strengths  of  equivalent  girder  sections  for  inclined  positions. 

In  concluding  this  division  of  the  subject,  we  will  glance 
at  the  ratios  which  the  maximum  tensile  and  compressive 
strains  experienced  by  the  upper  and  lower  parts  of  the 
structure  bear  to  the  ultimate  or  breaking  strengths  of 
those  parts.  These  ratios  are  technically  termed  **  factors 
of  safety,"  and  they  furnish  a  measure  of  the  reserves  of 
longitudiual  strength  possessed  by  ships.  For  the  purpose 
of  calculation  it  is  assumed  that  the  ship  is  in  one  of  the 
extreme  positions  illustrated  by  Figs.  87  and  88,  page  273, 
and  that  she  is  upright  at  that  instant.  The  equivalent 
girder  for  the  midship  section  is  then  constructed,  and  its 
moment  of  resistance  to  bending  estimated  in  the  manner 
previously  explained.  The  comparison  of  this  moment  of 
resistance  with  the  bending  moment  corresponding  to  the 
assumed  extreme  position  of  support,  gives  the  means  of 
estimating  the  tensile  or  compressive  strain  experienced  by 
any  part  of  the  girder  section  situated  at  a  known  distance 
from  the  neutral  axis.*      Calculations  of  this  kind  have 


*  If  M  be  the  bending  moment 
of  the  external  forces  (say  in  foot- 
tons),  I  the  moment  of  inertia  of 
the  equivalent  girder  about  the 
neutral  axis,  the  sectional  areas 
being  taken,  say,  in  square  inches, 
and  the  vertical  measurements  in 
feet :  then,  if  A]  be  the  distance  from 
the  neutral  axis  to  the  top  of  tlie 


girder,  h^  being  the  corresponding 
distance  to  the  bottom,  we  shall 
have  the  maximum  tensile  or 
compressive  strains  at  the  top  and 
bottom — say,  p^  and  p^  in  tons  jjer 
square  inch  of  sectional  area — given 
by  the  equations, 

Pi  -  i^_M 
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been  made  for  yarious  classes  of  ships,  and  from  these  a 
few  results  may  be  taken  for  purposes  of  illustration. 

Professor  Bankine,  making  use  of  his  assumption  that  the 
probable  maximum  bending  moment  experienced  by  a  ship 
equalled  the  product  of  her  displacement  by  one-twentieth 
of  the  length,  compared  two  ships  of  the  same  form  and 
displacement,  one  of  wood  and  the  other  of  iron.*  The 
maximum  tensile  strain  brought  upon  the  upper  flange  of 
the  equivalent  girder  of  the  iron  ship  he  found  to  be  a  little 
less  than  4  tons  per  square  inch,  or  about  one-fifth  the 
ultimate  strength  of  good  iron  plates;  the  corresponding 
strain  on  the  upper  deck  of  the  wood  ship  was  about 
^  ton  per  square  inch  of  sectional  area,  or  about  one-^ 
thirteenth  to  one-fov/rteenth  part  of  the  ultimate  strength 
of  the  material.  An  iron  structure  can  sustain,  without 
injury  or  change  of  form,  strains  which  are  proportionately 
much  greater  than  those  which  can  be  borne  by  a  wooden 
structure  without  permanent  change  of  form.  Hence  these 
two  ships  would  be  regarded  as  about  equally  eflBcient 
against  longitudinal  bending.  With  iron  in  bridges,  &c.  it 
is  assumed,  for  example,  that  the  "working  load,"  that  is,  the 
load  which  can  be  repeatedly  brought  upon  the  structure 
without  damage,  is  for  iron  about  one-fifth  or  one-sixth  that 
which  would  produce  fracture,  and  for  strong  timber  struc- 
tures only  one4enth.  It  is  hardly  necessary  to  repeat  that 
Professor  Eankine  appears  to  have  fixed  too  high  a  limit 
for  his  maximum  bending  moment;  so  that  the  actual 
maxima  of  tensile  strains  in  the  two  ships  would  be  less 
than  those  stated  above ;  but  from  other  investigations 
it  seems  that  the  two  vessels  are  scarcely  average  repre- 
sentations of  ordinary  merchant  ships,  and  further  criticism 
is  unnecessary. 

The  calculations  made  for  Lloyd's  Register  by  Mr.  W. 
John  seem  to  show  that  when  iron  merchant  ships  float  on 
the  crest  of  a  wave  of  their  own  length  and  of  average 


*  See  i^es  158, 159  of  Shipbuilding,  Theoretical  and  Practical. 
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steepness,  they  are  frequently  subjected  to  maximum  tensile 
strains  on  the  upper  parts  much  exceeding  those  experienced 
by  the  iron  ship  just  referred  to.  Moreover,  it  appears  from 
these  very  valuable  calculations,  that  there  is  a  great 
increase  in  the  tensile  strain  per  unit  of  area  as  the  tonnages 
of  ships  increase.  For  instance,  the  following  results  were 
said  to  be  fairly  representative  in  1874,  and  although  some 
improvements  have  since  been  introduced,  in  the  shape  of 
stronger  upper  decks,  &c.,  the  figures  must  still  apply  to 
the  large  majority  of  merchant  ships. 


Register  Tonnage  of 

Maximum  Tension  on 

Vessel. 

the  Upper  Works. 

Tons  per  Square  Inch. 

100 

1-67 

500 

3-95 

1000 

5-19 

1500 

5-34 

2000 

5-9 

2500 

7-1 

3000 

8-1 

This  table  showed  the  desirability  of  adding  to  the  strength 
of  the  top  flanges  of  the  equivalent  girders  in  the  larger 
classes  of  ordinary  iron  ships.  It  proved,  moreover,  that 
the  long  and  large  iron  steamers  now  so  extensively  em- 
ployed are  not  provided  with  anything  like  the  same  reserve 
of  strength  as  is  usual  in  vessels  of  smaller  dimensions, 
and  as  is  undoubtedly  desirable  in  structures  exposed  to 
such  extreme  and  rapid  variations  of  strains.  Mr.  John 
estimated  that  in  some  cases  the  maximum  tension  on  ships 
400  teet  long  rises  to  about  9  tons  per  square  inch,  or  about 
one-half  of  the  ultimate  strength  of  the  material ;  and  this, 
as  he  remarked,  is  certainly  a  matter  for  serious  considera- 
tion. The  adoption  of  iron  or  steel  decks,  and  of  the  longi- 
tudinal instead  of  the  transverse  system  of  framing,  would, 
however,  remove  all  these  objectionable  features,  and  readily 
lurnish  ample  longitudinal  strength  to  the  largest  and  longest 
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ships.  This  is  not  a  matter  of  opinion ;  the  Oreai  Eastern 
is  a  standing  witness  to  the  fact. 

Turning  to  vessels  of  war,  it  will  at  once  occur  to  the 
reader  that  in  the  Minotaur  type  the  bending  moments  are 
proportionately  more  severe  than  in  any  merchant  ships, 
and  fears  have  been  expressed  lest  the  structural  strength 
should  not  prove  sufficient  to  resist  these  very  large  moments. 
It  is  therefore  matter  for  congratulation  that  calculations 
made  at  the  Admiralty  prove  these  heavily  armoured  vessels 
of  400  feet  in  length  to  be  subjected  to  tensile  strains  on 
the  upper  decks  far  less  than  those  experienced  by  merchant 
ships  of  equal  length.  Regarding  the  armour  simply  as  a 
burden  which  contributes  no  resistance  to  tensile  strains — 
an  assumption  which  has  been  shown  to  be  less  favourable 
to  the  ship  than  might  with  justice  be  made — the  maximum 
tensile  strain  brought  upon  the  upper  deck  of  the  Minotavr 
by  a  bending  moment  of  140,000  foot-tons  is  only  about  5 
tons  per  square  inch  of  sectional  area ;  or  about  one-fourth 
of  the  ultimate  strength  of  good  iron  plates,  such  as  are 
used  in  her  Majesty's  ships.  This  is  a  remarkable  evidence 
of  the  superiority  of  the  structural  arrangements  in  the 
ironclad  over  those  in  the  merchant  ships,  so  far  as  regards 
the  resistance  to  longitudinal  bending ;  the  greater  depth, 
as  well  as  the  use  of  strong  iron  decks,  longitudinal  framing, 
and  a  partial  inner  skin,  in  the  ironclad  chiefly  causing  the 
relative  gain  in  strength. 

The  reduction  in  bending  moments  due  to  the  concen- 
tration of  weights  amidships  in  ships  with  central  batteries, 
or  breastworks  like  the  Devaetationy  is  not  accompanied  by 
a  proportionate  reduction  in  the  strengths  of  cross-sections 
as  compared  with  the  Minotaur  class ;  and  in  some  cases 
there  is  no  loss  of  strength,  the  depths  being  about  equal  in 
the  two  classes.  Hence  a  ship  like  the  Devastation  has  a  far 
greater  reserve  of  strength  than  the  Minotaur  class  possesses. 
On  a  wave  crest,  for  instance,  the  maximum  hogging  moment 
is  about  one-fourth  for  the  Devastation  what  it  is  for  the  Mino- 
taur ;  and  the  resulting  tensile  strain  on  the  upper  deck  is 
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only  about  one-fourth  that  in  the  Mindaur — ^viz.  1^  ton  per 
square  inch  of  sectional  area — when  the  same  assamption  is 
made  as  to  the  non-efficiency  of  the  armour  against  tensile 
strains.  The  neutral  axis  of  the  equivalent  girder  for  hog- 
ging in  the  Devastation  is  found,  under  these  conditiiMiSy  to  be 
a  little  below  the  middle  of  the  depth ;  so  that  the  nwTimnni 
compressiTe  strain  on  the  bottom  is  yery  nearly  equal  to  the 
maximum  tension  on  the  upper  deck,  about  1  ton  per  square 
inch  of  sectional  area.  This  again  is  a  remarkable  contrast 
to  an  ordinary  iron  merchant  ship,  where  the  oomparatiTe 
weakness  of  the  top  flange  brings  the  neutral  axis  of  the 
girder  for  bogging  down  to  about  two-thirds  of  the  total 
depth  from  the  top :  and  consequently  makes  the  oompres- 
siTC  strain  on  the  bottom^  not  much  more  than  half  the 
tensile  strain  on  the  top  of  the  girder. 

When  sagging  moments  act  upon  an  irondad,  her  armour 
can  assist  the  structure  in  resisting  compressiTe  strains,  and 
this  fact  tells  greatly  in  fayour  of  the  DevaMaiiam  and  similar 
yessels.  for  which  the  severest  bending  moments  are  those 
experienced  when  astride  a  wave  hoUow.  Fcnr  instanoe,  in 
the  Detxistaiian  herself  the  maximum  sagging  moment  fcnrthis 
position  is  40  per  cent,  greater  than  the  maximum  hogging 
moment  c<>rre$pondin^  to  support  on  a  single  crest ;  yet  the 
armour  helps  so  much  against  sagging  that  the  maximum 
tensile  strain  on  the  bottom  only  rises  to  1^  ton  per  square 
inch  of  sectional  area.  The  neutral  axis  of  the  equiyalent 
girder  for  sagi^in^  is.  in  tiiis  case,  situated  much  higher 
than  that  of  the  girder  for  hedging,  being  about  one-third 
of  the  total  depth  of  the  ship  below  the  upper  deck  ;  henoe 
the  upper  deck,  under  the  maximum  sagging  moment,  has 
to  resist  the  yery  moderate  compressiye  strain  of  about  | 
ton  per  square  inch.  Against  sat^ing  strains  the  Mmoiaur 
type  has  the  help  of  the  armour,  and  (what  is  still  more 
important)  has  to  resist  a  maximum  bending  moment  only 
equal  to  about  one-half  of  that  for  Inking ;  so  that  astride 
the  wave  hollow  there  is  a  very  much  larger  reserve  d 
strength  than  there  is  for  support  upon  a  single  ware  crest 
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Enough  has  been  said  to  show  that  ironclad  ships  of  the 
Royal  Navy,  notwithstanding  the  great  weights  of  armour 
carried  on  their  sides,  and  the  necessity  for  complying  with 
the  requirements  for  offensive  and  defensive  purposes,  are 
much  stronger  longitudinally,  in  proportion  to  the  strains 
brought  upon  them,  than  are  merchant  ships  of  the  largest 
size.  Recent  types  are  also  seen  to  gain  greatly,  as  com- 
pared with  earlier  types,  in  their  reserve  of  longitudinal 
strength.  Both  these  results  must  be  admitted  to  be  highly 
satisfactory  when  the  novelty  and  difficulty  of  ironclad  ship 
construction  are  borne  in  mind.  With  these  remarks  we 
must  take  leave  of  this  important  subject. 


The  principles  which  govern  the  provision  of  transvefr^e 
strength  admit  of  being  explained  much  more  briefly  than 
do  those  for  longitudinal  strength.  In  nearly  all  classes,  the 
transverse  frames  or  ribs,  the  deck-beams,  and  the  planking 
or  plating  of  the  skin  and  the  decks,  together  with  the  pillars 
under  the  beams,  and  the  beam-knees,  &c.,  connecting  the 
decks  with  the  sides,  contribute  to  the  transverse  strength. 
Iron  ships  have  the  further  advantage  of  the  strength 
supplied  by  more  or  less  numerous  transverse  bulkheads; 
and  so  have  most  composite  ships,  as  well  as  many  wood 
ships  of  recent  types.  It  will  be  convenient,  therefore,  to 
arrange  the  discussion  of  this  branch  of  the  subject  under 
the  following  heads: — (1)  The  strength  of  the  transverse 
frames  or  ribs ;  (2)  the  strength  of  deck-beams,  and  their 
connections  with  the  sides ;  (3)  the  strength  obtained  by 
pillars ;  (4)  the  usefulness  of  bulkheads  in  relation  to  trans- 
verse strength. 

With  each  transverse  frame,  or  rib,  a  portion  of  the  skin, 
both  inside  and  outside,  may  be  considered  to  act  in  resisting 
changes  of  transverse  form.  For  example,  suppose  in  Fig. 
103  (page  324)  the  ribs  to  be  spaced  2  feet  apart.  If  two 
imaginary  planes  of  division  are  drawn  cutting  the  skin 
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midway  between  the  frame  chosen  and  the  frames  adjacent 
to  it  on  either  side,  this  strip  of  skin  may  be  regarded  as 
forming  an  outer  flange  of  a  girder,  the  web  and  inner  flange 
of  which  are  formed  by  the  frame.  The  enlarged  section, 
placed  a  little  below  the  upper  deck  in  Fig.  103,  shows  the 
sectional  form  of  this  girder.  Similarly  each  deck-beam 
may  be  regarded  as  associated  with  a  strip  of  the  deck- 
planking  or  plating ;  and,  taking  the  beams  with  the  frames 
to  which  they  are  attached,  each  of  the  combinations  may 
be  regarded  as  a  hoop-shaped  girder  having  in  itself  con- 
siderable strength  to  resist  change  of  transverse  form. 
Similarly  in  wood  ships  each  rib  and  beam  may  be  re- 
garded as  associated  with  the  adjacent  strips  of  inner  and 
outer  skins.  It  is  imnecessary  to  say  anything  further 
respecting  the  skins,  as  considerable  attention  has  already 
been  given  to  their  arrangements  in  different  classes ;  but  it 
is  desirable  to  note  briefly  some  of  the  chief  differences  in 
the  construction  of  the  transverse  frames. 

The  ribs  of  wood  ships  are  necessarily  made  up  of  several 
lengths  (or  futtocks)  which  are  either  bolted  and  dowelled 
(as  shown  in  Fig.  102)  or  else  connected  to  each  other  in 
some  other  way,  which  leaves  adjacent  pieces  comparatively 
free  to  bend  inwards  or  outwards  in  relation  to  one  another. 
As  a  consequence  no  single  rib  can  be  regarded  as  having 
much  strength  in  itself  against  strains  tending  to  change 
its  form:  the  butts  of  the  various  futtocks  are  places 
of  comparative  weakness  which  can  scarcely  be  avoided. 
The  shipbuilder,  therefore,  has  recourse  te  the  plan  shown 
in  the  inside  view.  Fig.  102 ;  if  any  butt  is  taken  in  the  ' 
diagram,  it  will  be  sot^n  that  between  that  butt  and  the  next 
butt*  similarly  placed,  three  imbutted  timbers  intervene; 
this  is  termed  a  "«A(/?  of  butts,"  and  the  effect  is  to  succour 
the  ribs  at  the  butts  by  the  unbroken  strength  of  adjacent 
riba  This  object  is  effected  satisfactorily ;  but  the  framing 
must  be  weaker  than  it  would  In?  if  the  indi^ndual  ribs  could 
offer  considerable  resistance  to  changes  of  transverse  form. 
Formerly  it  was  the  practiw  to  fit  transverse  timber  riders 
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within  the  ribs  in  order  to  strengthen  the  latter,  but  the 
practice  died  out  when  diagonal  riders  came  into  use. 

The  ribs  of  ordinary  iron  and  composite  ships  are 
much  stronger  individually  than  those  of  wood  ships. 
Fig.  103  explains  their  construction  (see  especially  the 
enlarged  sections),  and  it  will  be  noted  that  each  frame 
is  really  a  Z-shaped  girder,  the  flanged  section  giving 
it  great  strength  to  resist  alterations  of  form.  The 
angle-irons  and  plates  of  which  the  frame  is  made  up  are 
either  obtained  in  one  length  or  else  welded  or  butt- 
strapped  into  the  necessary  lengths:  the  whole  being  so 
combined  that  there  are  no  places  of  weakness  corresponding 
to  the  butts  in  the  ribs  of  a  wood  ship.  This  superiority 
shows  itself  markedly  during  the  process  of  building  a  ship, 
the  frame  of  a  wood  ship  usually  being  built  up  piece  by 
piece,  whereas  the  frames  and  beams  of  iron  ships  are  very 
frequently  put  together  before  being  hoisted  into  place, 
and  sustain  no  sensible  change  of  form  during  that  opera- 
tion. Below  the  bilges  floor-plates  are  fitted,  gradually 
increasing  in  depth  towards  the  keel :  these  floors  are  of 
great  value  in  resisting  transverse  bending  strains,  as  well 
as  forming  supports  for  cargo,  &c. 

Vessels  in  which  the  main  frames  lie  longitudinally 
usually  have  their  transverse  frames  spaced  much  more  widely 
than  in  iron  ships  of  the  ordinary  construction.  In  vessels 
of  the  mercantile  marine  built  on  the  system  advocated  by 
Mr.  Scott  Bussell,  the  only  transverse  frames — excluding  the 
complete  bulkheads — are  placed  from  12  to  20  feet  apart, 
and  formed  by  plates  fitted  in  between  the  longitudinals,  with 
stiffening  angle-irons  on  the  edges  of  the  plates.  These 
plate-frames  are  termed  ''  partial  bulkheads,"  resembling  the 
outer  rim  of  a  transverse  bulkhead  of  which  all  the  central 
parts  have  been  cut  away.  Their  principal  use  is  to  furnish 
a  series  of  sections  having  considerable  transverse  strength 
and  situated  between  the  complete  bulkheads ;  also  to  stiffen 
the  longitudinals,  and  keep  them  in  their  proper  positions. 
The  Qreai  Eastern  has  no  other  transverse  frames  than  such 
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partial  bulkheads ;  but  the  existence  of  an  inner  skin  adds 
greatly  to  the  transverse  strength,  this  skin  forming  strong 
inner  flanges  to  the  hoop-shaped  girders,  of  which  the 
outer  bottom  forms  the  outer  flanges,  and  the  plate-frames 
the  webs.  It  should  be  added  that  in  vessels  so  oonstmcted 
the  longitudinal  frames  are  commonly  made  very  numerous, 
in  order  to  stiffen  the  bottom ;  but  even  when  these  firames 
are  spaced  only  3  or  4  feet  apart,  the  spaces  of  bottom 
plating  left  without  direct  support  have  areas  of  from  40 
to  60  square  feet,  and  hence  results  an  amount  of  flexibility 
in  the  bottom  which  may  become  objectionable. 

To  obviate  this  objection,  and  give  greater  support  to  the 
bottom,  as  well  as  to  increase  the  transverse  strength,  the 
ironclad  ships  of  the  Hoyal  Navy,  built  on  the  bracket-frame 
system  illustrated  by  Fig.  104,  have  the  transverse  frames 
4  feet  apart.  Most  of  these  frames,  within  the  limits  of  the 
double  bottom,  are  formed  as  in  the  diagram,  plate-brackets 
being  fitted  to  connect  the  inner  and  outer  angle-irons  with 
each  other  and  with  the  two  skins ;  as  well  as  to  secure  the 
longitudinals  to  the  skins,  and  prevent  any  change  of  angle. 
This  light  and  simple  arrangement  gives  considerable 
transverse  strength,  but  it  is  reinforced  at  intervals  of  about 
20  feet  by  partial  bulkheads  similar  to  those  used  by  Mr. 
Bussell,  and  forming  watertight  partitions  in  the  double- 
bottom  space.  Underneath  the  engine-room,  where  con- 
siderable strength  is  required  to  meet  the  strains  due  to 
the  motions  of  the  machinery,  instead  of  bracket-frames,  it 
is  usual  to  fit  plate-frames  filling  the  spaces  between  the 
longitudinals,  and  to  cut  lightening-holes  in  them.  Before 
and  abaft  the  double  bottom  also,  where  there  is  no  inner 
fikin  to  contribute  to  the  transverse  strength,  similar  lightened 
plate-frames  are  fitted. 

The  bracket-frame  system  of  construction  was  introduced 
by  Mr.  Keed  when  Chief  Constructor  of  the  Navy,  and  has 
been  generally  adopts  in  the  construction  of  foreign  iron- 
clads. It  differs  from  the  system  used  in  the  Warrior  and 
other  early  ironclads  mainly  in  the  adoption  of  the  complete 
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double  bottom  and  the  more  Complete  subordination  of  the 
transverse  to  the  longitudinal  framing.  In  the  Watrior^  for 
example,  the  transverse  frames  wei'e  more  numerous  and 
heavier  than  in  recent  ships.  Their  greatest  spacing  was 
about  44  inches ;  and  for  a  considerable  part  of  the  girth 
intermediate  frames  were  fitted,  reducing  the  spacing  to 
22  inches.  All  these  were  lightened  plate-frames,  with 
strongs  heavy,  continuous  transverse  frames  on  the  inner 
edges.  Moreover,  about  30  or  40  feet  of  the  length  at  each 
end  of  the  Warrior  was  framed  transversely,  the  longitudinals 
being  stopped  short ;  and  at  these  parts  the  transverse  frames 
were  as  closely  spaced  as  those  of  ordinary  merchant  ships. 
In  the  Minotaur  class  quite  as  great  prominence  was  given 
to  the  transverse  frames^  which  were  spaced  28  inches  apart. 
The  changes  effected  in  ships  built  on  the  bracket  system 
have  enabled  considerable  savings  to  be  made  in  the  weight 
and  cost  of  hull,  at  the  same  time  that  the  safety  and 
general  structural  strength  have  been  increased.  Examples 
of  these  savings  appear  at  page  370. 

Allusion  has  already  been  made  to  the  close  spacing  of 
the  transverse  frames  behind  armour  in  all  ironclads ;  and 
it  is  unnecessary  to  add  to  these  remarks.  If  there  were 
no  armoured  side  to  be  supported,  a  wider  spacing  of  these 
frames  would  be  adopted ;  and,  in  fact,  this  is  the  arrange- 
ment made  in  the  unarmoured  upper  works  of  ships  with 
central  batteries  or  citadels. 

The  swift  cruiser  class  of  the  Royal  Naty  have  iron  hulls 
sheathed  with  wood  planking,  and  consequently  have  no 
double  bottoms.  The  transverse  frames  are  spaced  3^  feet 
apart  from  keel  to  gunwale,  which  is  about  twice  the  frame- 
space  of  large  iron  merchant  ships ;  and  this  is  found  to 
answer  admirably,  notwithstanding  the  great  engine-power, 
fine  forms,  and  heavy  armaments  carried  on  the  decks.  K 
mercantile  shipbuilders  should  at  length  abandon  the 
transverse  system  of  framings  they  will  find  instructive 
examples  for  future  guidance  in  the  Inconstant  and  her 
consorts.    These  vessels  have  simple  wide-spaced  transverse 
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feameSy  combined  with  good  bulkhead  arrangements  and 
strong  longitudinals:  apart  from  their  sheathing,  their 
constraction  presents  but  little  more  difficulty  than  that  of 
ordinary  iron  merchant  ships,  and  it  is  much  more  faTonrable 
to  the  association  of  strength  with  lightness. 

Brief  reference  mast  next  be  made  to  the  assistance  which 
the  dechheavM  and  piHars  render  in  preserving  the  transverse 
forms  of  ships.  The  first  duty  of  the  beams  is  to  support 
the  decks  with  their  loads ;  this  was  the  purpose  for  which 
beams  were  originally  fitted.  But  the  beams  have  other 
uses.  As  the  various  transverse  strains  previously  described 
are  brought  to  bear  upon  the  structure,  the  tendency  at 
one  time  may  be  to  increase  the  distance  between  opposite 
sides  of  the  ship,  and  at  another  instant  to  decrease  it.  In 
other  words,  the  beams  have  to  act  as  ties  and  struts  alter- 
nately between  the  opposite  sides.  Similarly,  the  pillars 
were  first  fitted  as  struts  or  supports  to  the  beams,  to  assist 
in  supporting  the  decks ;  but  as  the  vessel  rolls  in  a  sea- 
way, the  strains  tending  to  produce  alteration  of  transverse 
form  sometimes  produce  an  increased  thrust  upon  the  pillars, 
and  at  others  produce  a  pull  or  tension,  if  the  pillars  are 
well  secured  at  both  the  heads  and  heels.  Should  the  pillars 
be  only  capable  of  acting  as  struts,  and  not  as  ties,  one  im- 
portant part  of  their  possible  usefulness  is  lacking,  because 
they  are  powerless  to  resist  any  increase  in  the  heights  of 
the  decks  above  the  keel. 

The  beams  of  wood  ships  are  ordinarily  of  wood,  of  rect- 
angular cross-section,  and  formed  of  different  pieces,  joined 
together  by  more  or  less  elaborate  scarphs,  some  of  which  are 
illustrated  in  Figs.  109-112,  pages  381,  382.  The  beam-ends 
very  frequently  rest  upon  a  shelf-piece  (see  Fig.  102)  which 
is  bolted  to  the  inside  of  the  frame  timbers,  and  are  so 
secured  to  it  (by  dowels,  &c.)  as  to  be  capable  of  with- 
standing a  considerable  force  tending  to  pull  the  beam  away 
from  the  side.  Above  the  beam-end  another  strong  longi- 
tudinal timber,  the  "  water-way,"  is  securely  bolted  to  the 
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timbers  and  strongly  connected  with  the  beam,  greatly 
increasing  the  strength  of  its  connection  with  the  side.  In 
all  these  ways  the  beam  is  made  capable  of  acting  as  a  ^10 
between  the  opposite  sides.  Its  action  as  a  strut  is  secured 
by  very  accurately  fitting  its  ends  against  the  inside  of  the 
timbers,  and  by  the  pillars  which  tie  the  centre  down  to  the 
keelson  and  lower  parts  of  the  hull.  Thus  far  the  arrange- 
ment is  satisfactory,  but  it  involves  considerable  skill  and 
cost  in  scarphing  the  pieces  that  form  the  beam^  and  con- 
necting the  beam  with  the  water-way,  shelf-piece,  &c.  It 
will  be  noted,  however,  that  the  rectangular  form  of  cross- 
section  is  necessarily  inferior  to  the  flanged  form ;  and  this 
is  an  unavoidable  defect  with  wood  beams.  These  con- 
siderations have  led  to  the  extensive  use  of  iron  beams  in 
recent  wood  ships ;  similar  care  being  taken  to  make  good 
the  connection  of  the  ends  of  these  beams  with  the  side,  in 
order  that  they  may  act  as  struts  or  ties.  Wood  pillars  also 
have  fallen  greatly  into  disuse  even  in  wood  ships,  iron 
pillars  of  less  weight  being  readily  made  more  efiScient  as 
ties,  and  no  less  efficient  as  struts  under  the  beams. 

Iron  ships  have  iron  beams,  which  can  be  readily  obtained 
of  various  sectional  forms,  all  of  which  have  more  or  less  of 
that  flanged  form  which  has  been  shown  to  be  so  helpful  to 
the  association  of  strength  with  lightness  (see  Fig.  116,  page 
385).  Like  the  frames,  these  beams  can  be  easily  welded, 
or  strapped,  into  what  is  practically  one  piece,  capable  of 
resisting  both  tension  and  compression.  Moreover,  their  ends 
are  very  simply  and  strongly  secured  to  the  frames  (see  Figs. 
103  and  104),  the  stringer  plates  on  the  beam-ends  greatly 
strengthening  the  connection  of  the  beams  with  the  side. 
Iron  tubular  or  flanged  pillars  can  be  associated  with  the 
iron  beams,  and  made  to  resist  either  tension  or  compression. 
In  every  way,  as  regards  strength  and  simplicity,  the  iron 
ship  has  the  advantage  of  the  wood  one  in  the  character  and 
connections  of  the  beams  and  pillars.  The  composite  ship 
in  these  particulars  resembles  the  iron  ship. 

The  lower  decks  of  ships  are  often  extended  over  only  a 
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portion  of  the  length,  or  else  considerably  weakened  by 
having  large  openings  cnt  in  them.  Merchant  ships,  for 
example,  frequently  have  no  lower  decks  in  wake  of  the 
cargo  holds,  and  consequently  there  is  not  nearly  the  same 
strength  of  connection  between  opposite  sides  at  those  parts 
as  would  be  secured  by  a  strong  deck  with  its  beams.  To 
Compensate  in  part  for  this  loss  of  strength,  it  is  usual  to 
fit  a  few  strong  beams — known  as  hold-beams — ^in  the  cargo 
spaces ;  the  convenience  of  stowage  is  thus  little  affected, 
while  the  strong  beams  form  good  ties  and  struts.  In  very 
many  cases  where  such  precautions  have  not  been  taken, 
serious  working  and  change  in  transverse  form  have 
resulted. 

Perhaps  the  greatest  point  of  difference  between  the  action 
of  the  beams  in  wood  and  iron  ships  is  to  be  found  in  their 
comparative  resistances  to  change  of  the  angles  between  the 
decks  and  the  sides  of  the  ship.     The  strains  tending  to 
produce  such  changes  have  been  previously  described ;  and 
their  effects  on  wood  ships  have  been  so  serious  as  to  cause 
shipbuilders  to  bestow  great   attention  upon  beam-knees 
and  their  connections.    A  vast  nimiber  of  plans  for  beam- 
knees  have  been  proposed.    Formerly,  before  iron  strengthen- 
ings became  general,  cumbrous  timber  knees  were  fitted; 
and  in  coimtries  where  timber  is  abundant  such  knees  are 
even  yet  employed.    Forged  iron  knees  are,  however,  now 
much  more  generally  employed,  and  are  more  efficient  than 
timber  knees,  as  well  as  less  bulky.   But  even  with  the  best  of 
these  arrangements — such  as  the  knees  shown  under  each 
beam-end  in  Fig   102  —  heavy  rolling  in  a  seaway  may 
produce  sensible  changes  of  angle.    The  usual  indications 
of  these  changes  are  loosening  of  the  fastenings  which  secure 
the  iron  knee  to  the  side  and  to  the  beam-end ;  and  in  the 
larger  classes  of  wood  frigates  and  line-of-battle  ships  in 
the  Royal  Navy  these  indications  were  not  at  all  uncommon, 
notwithstanding  the  precautions  taken  in  fitting  and  bolting 
the  knees. 

The  reasons  for  the  superior  resistance  of  iron  ships  to  any 
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corresponding  change  will  be  obvious  on  comparing  Fig.  102 
with  Figs.  103  and  1 04.  The  beam-ends  of  the  iron  ships  are 
shaped  into  strong  knees,  fiar  more  capable,  from  their  form,  of 
preventing  change  of  angle.  These  stronger  knees  are  fitted 
against  the  sides  of  the  frames,  and  strongly  riveted  to  them : 
the  frames  themselves  are  riveted  to  the  skin,  and  in  very 
many  cases  the  stringer  plates  on  the  beam-ends  are  also 
directly  connected  with  the  skin,  so  that  the  beam-end 
cannot  change  its  position  relatively  to  the  side  of  the  ship 
without  shearing  off  numerous  rivets,  or  fracturing  plat^ 
and  angle-irons.  Hence  it  is  obvious  that,  with  properly  pro- 
portioned knees  and  riveting,  change  in  the  angle  made  by 
the  decks  of  iron  ships  with  the  sides  may  be  almost  entirely 
prevented.  Imperfect  fastenings  in  the  beam-knees  may 
permit,  and  in  some  cases  have  permitted,  working  at  the 
junction  of  the  decks  and  sides  even  in  iron  ships ;  especially 
when  they  have  happened  to  be  associated  with  a  considerable 
amoimt  of  flexibility  in  the  frames  to~  which  the  beams  are 
attached.  But  these  cases  can  only  be  regarded  as  examples 
of  a  defective  application  of  principles  which,  when  properly 
applied,  lead  to  satisfactory  ^sults. 

Similar  knees  are  formed  on  iron  beams  fitted  to  wood 
ships,  but  then  instead  of  attaching  the  beam-arm  directly 
to  an  iron  frame,  as  can  be  done  either  in  an  iron  or  composite 
ship,  it  has  to  be  secured  to  the  side  by  means  of  angle-irons 
riveted  through  the  beam,  and  bolted  to  the  side  planking 
and  timbers.  This  plan  is  more  efficient  in  preventing 
change  of  angle  than  the  ordinary  knees  fitted  to  wood 
beams,  but  not  so  efficient  as  that  of  iron  and  composite 
ships,  the  connection  with  the  side  not  being  so  perfect. 

Sometimes  deep  plate-knees  are  fitted  below  a  few  of  the 
beams  in  iron  ships,  reaching  from  one  deck  to  that  next  below 
it,  for  the  purpose  of  stiffening  the  side.  The  beams  forming 
the  boundaries  of  large  cargo-hatches  or  boiler-hatches  in 
merchant  ships  are  often  treated  in  this  manner,  and  made 
deeper  and  stronger  than  the  other  beams,  for  the  purpose  of 
compensating  for  the  loss  of  transverse  strength  product 
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by  cutting  off  the  beams  to  form  the  openings  in  the  deck. 
In  the  iron-built  ships  of  the  Navy  also,  it  is  common  to  fit 
what  are  termed  '^  partial  bulkheads  "  at  intervals  between 
the  main  and  upper  decks,  in  order  to  stiffen  the  sides  and  to 
assist  the  beam-knees  in  preventing  change  of  angle.  Each  of 
these  partial  bulkheads  is  very  simply  formed  by  a  plate  3 
or  4  feet  wide,  connected  at  its  upper  end  to  the  beams  or 
stringer  plate  of  the  upper  deck,  at  its  lower  end  to  the 
stringer  plate  on  the  main  deck,  and  also  attached  to  the 
side  plating.  They  are  commonly  fitted  above  the  deck  at 
which  the  main  transverse  bulkheads  terminate ;  below  this 
deck  the  main  bulkheads  give  great  assistance  to  the 
structure,  and  lessen  the  strains  brought  upon  the  beam- 
arms. 

Not  unfrequently  it  is  a  convenience  to  be  able  to 
dispense  with  knees  to  lower  deck  beams ;  a  case  in  point  is 
illustrated  by  Fig.  26,  page  35.  If  the  ship  has  a  sufficient 
number  of  transverse  bulkheads,  this  disuse  of  beam-knees 
is  no  source  of  weakness.  Moreover,  it  will  be  remembered 
that  the  transverse  racking  strains  described  in  a  previous 
chapter  are  likely  to  be  more  severe  on  the  upper  and  main 
decks  than  on  the  lower  decks.  These  racking  strains 
chiefly  cause  the  alterations  of  angle  between  the  decks  and 
sides,  as  well  as  deformations  at  or  near  the  bilges ;  but  it 
is  especially  at  the  upper  parts  of  the  structures  of  iron 
ships  that  their  effects  require  to  be  provided  against  by 
strong  beam-knees  and  partial  bulkheads. 

Transverse  iron  bulkheads,  when  properly  constructed, 
add  greatly  to  the  transverse  strength  of  all  ships,  but  are 
most  valuable  in  iron  ships  having  the  main  frames  placed 
longitudinally  and  the  tranverse  frames  widely  spaced. 
The  cross-sections  at  which  such  bulkheads  are  placed  may 
be  regarded  as  practically  unchanged  in  form,  under  the 
action  of  the  severest  transverse  strains  experienced  by  a  ship, 
provided  the  thin  iron  plating  which  forms  the  partition  be 
stiffened  by  angle-bars,  T  bars,  or  Z  bars  riveted  to  its  surface. 
The  most  perfect  arrangement  of  the  stiffeners  is  that  which 
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places  one  set  yertical  and  the  other  horizontal,  the  plating 
being  thus  prevented  from  buckling  in  any  direction.  The 
decks  which  meet  the  bulkheads  lend  yerj  material  help  by 
stiffening  them  and  thereby  preventing  change  of  form. 
Having  thus  secured  great  local  transverse  steength,  it 
becomes  necessary  to  provide  the  means  of  distributing 
it  over  the  spaces  lying  between  any  two  bulkheads ;  this 
end  is  best  accomplished  by  means  of  strong  longitudinal 
frames,  which  are  carried  from  bulkhead  to  bulkhead,  and 
rest  upon  them  just  as  the  girders  of  a  bridge  rest  upon  the 
piers.  It  thus  appears  that  the  efficiency  of  the  transverse 
bulkheads  as  stiffeners  to  the  structure  depends  upon  their 
numbers,  the  distance  between  consecutive  bulkheads,  and 
the  capability  of  the  longitudinal  framing  to  distribute  the 
strength  of  the  bulkheads.  Ordinary  iron  ships,  having 
comparatively  few  bulkheads,  do  not  gain  so  much  from 
their  help  as  ships  with  bulkheads  spaced  more  closely. 
The  desire  to  have  large  cargo-spaces  in  the  hold,  free  from 
break  or  interruption,  overrides,  in  most  cases,  considerations 
both  of  increased  safety  and  greater  strength.  A  compro- 
mise is  sometimes  made  by  fitting,  at  intervals  between 
complete  transverse  bulkheads,  ^^  partial "  bulkheads,  formed 
by  deep  plate-frames  with  angle-irons  on  both  inner  and 
outer  edges,  very  similar  to  those  fitted  in  vessels  built  on 
the  longitudinal  system.  But  there  are  considerable  spaces 
in  the  length  of  ordinary  iron  merchant  ships  for  which  the 
transverse  frames  have  to  furnish  the  principal  part  of  the 
transverse  strength,  and  the  fewness  of  the  bulkheads  is  one 
reason  for  retaining  the  close  spacing  of  these  frames. 

When  a  large  number  of  transverse  bulkheads  is  fitted 
in  an  ordinary  iron  ship,  the  distribution  of  their  strength 
over  the  bottom  mainly  depends  upon  the  longitudinal 
stiffeners — keelsons,  hold  stringers,  &c.  These  include  very 
various  arrangements,  of  very  various  degrees  of  efficiency ; 
but  in  none  is  the  distribution  so  simply  and  efficiently 
made  as  in  vessels  where  the  main  frames  are  longitudinal 
(as  in  Fig.  104).     Longitudinal  bulkheads,  when  they  are 
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fitted  either  at  the  middle  line  or  towards  the  sides  (or 
wings),  largely  assist  in  the  distribution  of  the  strength  of 
transverse  bulkheads.  In  short,  all  the  pieces  lying  longi- 
tudinally, which  are  efficient  against  longitudinal  bending 
strains  as  well  as  against  some  local  strains,  are  also  valuable 
distributors  of  transverse  strength. 

Composite  ships  are  often  fitted  with  transverse  iron 
bulkheads,  the  vessels  of  that  class  belonging  to  the  Boyal 
Navy  being  exceptionally  well  subdivided.  These  bulk- 
heads contribute  much  transverse  strength,  which  is  dis- 
tributed ver}'^  similarly  to  that  for  ordinary  iron  ships, 
except  that  the  longitudinal  pieces  are  not  so  well  con- 
nected to  the  skin.  Closely  spaced  transverse  frames  are 
trusted,  however,  to  supply  the  chief  part  of  the  transverse 
strength. 

Wood  ships  of  recent  types  in  the  Boyal  Navy,  and  in 
some  foreign  navies,  have  been  furnished  with  transverse 
iron  bulkheads,  and  the  results  have  been  very  satisfactory ; 
but  there  must  be  greater  difficulty  in  making  the  bulk- 
heads succour  parts  lying  between  them  in  wood  ships  than 
there  is  in  iron  ships ;  and  the  attachment  of  the  bulkheads 
to  the  sides  is  not  so  efficient  as  it  is  in  either  iron  or  com- 
posite ships. 

The  foregoing  sketch  of  the  arrangements  made  to  secure 
longitudinal  and  transverse  strength  in  different  classes  of 
ships  has  necessarily  been  hasty  and  imperfect.  It  may, 
however,  serve  as  a  guide  to  the  reader  whose  interest  in 
the  subject  leads  him  to  study  it  more  in  detail  in  works 
devoted  to  practical  shipbuilding.  Keeping  in  mind  the 
principles  of  structural  strength  that  have  been  illustrated, 
and  the  character  of  the  strains  to  be  resisted,  it  will  be 
possible  to  examine  intelligently  the  system  of  construction 
adopted  in  any  ship ;  otherwise  such  an  examination  would 
be  impossible. 
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CHAPTEK  X. 

MATERIALS  FOE  SHIPBUILDINO :   WOOD,  IRO>J,  AND   STEEL. 

Wood,  iron,  and  steel  are  the  three  classes  of  materials  from 
which  the  shipbuilder  of  the  present  day  can  select.  Wood 
ships  have  been  in  use  from  time  immemorial ;  iron  ships  for 
sea-going  purposes  have  not  yet  completed  the  first  half- 
century  of  their  construction ;  steel  ships  are  of  a  still  more 
recent  date.  Already  wood  ships  are  superseded  to  a  yery 
large  extent  by  iron,  and  many  persons  believe  that  before 
another  half-century  has  passed  iron  will  have  given  place 
to  steeL  Hitherto  the  use  of  steel  has  not  become  general, 
for  reasons  which  will  be  stated  hereafter ;  but  quite 
recently  both  in  France  and  in  this  country  considerable 
progress  has  been  made  in  the  manufacture  of  mild  steel 
well  adapted  for  shipbuilding,  and  the  two  first  vessels  built 
wholly  of  such  steel  are  now  in  process  of  construction  for 
the  Boyal  Navy. 

In  contrasting  the  merits  of  these  materials,  it  will  be 
convenient  first  to  compare  wood  with  iron;  afterwards 
briefly  comparing  iron  with  steel.  This  course  will  have 
the  further  advantage  of  fairly  representing  present  practice, 
iron  ships  being  many,  while  steel  ships  are  few. 

Our  main  purpose  in  this  chapter  is  to  examine  into  the 
qualities  which  make  iron  superior  to  wood,  when  the 
numerous  pieces  which  make  up  the  structure  of  a  ship 
are  combined  and  connected  together,  and  subjected  to  the 
action  of  the  different  kinds  of  strain  previously  described^ 
Before  proceeding  to  this  discussion^  it  may,  however,  be 
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interesting  to  give  a  few  facts  illustrating  the  wonderful 
development  of  iron  shipbuilding  during  the  last  twenty- 
five  years.* 

In  1850,  out  of  133,700  tons  of  shipping  added  to  the 
British  mercantile  marine,  only  12,800  tons,  less  than 
one-ierUh,  were  iron  ships ;  in  1860,  out  of  212,000  tons 
added,  64,700  tons,  nearly  one-4hird,  were  iron  ships;  in 
1868,  out  of  369,000  tons  added,  no  less  than  208,000 
tons  were  iron  ships.  In  1875,  out  of  420,000  tons  of 
newly  built  ships,  374,000  tons,  nearly  nine'tenths,  were 
iron  ships. 

If  attention  be  limited  to  steamships,  the  results  are 
still  more  striking,  wood  having  kept  its  place  much 
better  in  sailing  ships,  although  even  there  it  is  yielding 
rapidly  to  iron.  In  1850,  out  of  275,000  tons  of  British 
mercantile  steamers  on  the  Begister,  fowr-jiftlM  (218,000 
tons)  were  of  wood.  In  1860  the  total  had  increased  to 
686,000  tons ;  and  nearly  fivesioBths  (536,000  tons)  were 
of  iron.  In  1868  the  grand  total  on  the  Begister  had 
nearly  doubled  again,  being  1,341,000  tons;  out  of. this  total, 
wood  ships  only  represented  122,000  tons,  steel  ships 
about  8800  tons,  and  the  remainder  (1,210,000  tons)  were 
iron-built.  During  1875  a  tonnage  of  179,000  was  added  to 
British  steam-shipping,  and  176,000  tons  were  iron-built. 

The  Boyal  Navy  presents  a  similar  picture.  In  1850  the 
tonnage  (B.O.M.)  of  wood  ships  had  a  total  of  99,000  tons, 
against  19,500  tons  for  iron  ships.  In  1860  the  proportion 
of  wood  to  iron  was  even  greater  than  at  the  earlier  date, 
420,000  tons,  against  34,800  tons.  But  with  the  construction 
of  armoured  ships  iron  hulls  became  general ;  and  in  1870 
the  total  tonnage  of  wood  ships  had  fallen  to  386,000  tons, 
while  that  of  iron  ships  had  nearly  quadrupled  since  1860, 
becoming  130,200  tons.    At  the  present  time  quite  three- 


♦  See  a  paper  on  "  Iron  Ship-      Steel  Institute  for  1870,  and   the 
building,"  by  Mr.  C.  M.  Palmer,  in      Board  of  Trade  Returns, 
the   Trfittsactioiis  of  the  Iron   and 
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fourths  of  our  ironclads,  including  all  the  ships  added  to 
the  Navy  during  the  last  ten  years,  have  iron  hulls  ;  and  it 
is  a  significant  fetct  that  not  a  single  wood  ship  is  now  being 
constructed  for  the  Navy. 

Iron  shipbuilding  originated  in  this  country;  has  here 
received  its  most  important  developments ;  and  has  been 
the  source  of  very  great  advantage  It  has  rendered  us 
practically  independent  of  foreign  supplies  of  shipbuilding 
materials ;  which  were  becoming  more  and  more  important 
in  the  lat«r  days  of  the  supremacy  of  wood  shipbuilding, 
when  the  supplies  of  home-grown  timber  were  quite  in- 
adequate to  home  requirements.  Such  supplies  from  abroad 
were  liable  to  interruption  in  time  of  war ;  and  during  peace 
they  placed  English  builders  at  a  great  disadvantage,  as 
compared  with  builders  in  countries  where  shipbuilding 
timbers  were  abundant  and  cheap.  The  United  States, 
Canada,  France,  and  Italy,  aU  furnished  ample  supplies  of 
suitable  timber ;  and  the  shipbuilding  trade — so  peculiarly 
British — seemed  about  to  pass  away  into  other  hands,  when 
the  use  of  iron  instead  of  wood  once  more  restored  the 
balance,  and  enabled  us  to  regain  our  former  national 
position. 

But  more  than  this :  the  use  of  iron  ships  has  been  the 
source  of  world-wide  advantage.  Had  wood  remained  in  use, 
ocean  steam  navigation  could  never  have  attained  its  present 
wonderful  development,  and  international  communication 
must  have  remained  less  regular  and  frequent.  Without 
iron  hulls,  the  ironclad  reconstruction  could  never  have 
been  carried  to  its  present  position;  nor  could  the  swift 
cruisers  have  been  built.  Moreover,  iron  shipbuilding  has 
done  very  much  to  encourage  progress  in  the  manufacture 
of  wrought  iron  for  all  structural  purposes,  and  thus  has 
indirectly  benefited  other  departments  of  work.  In  short, 
the  experience  of  forty  years  fully  confirms  the  wisdom  of 
the  change  from  wood  to  iron,  and  proves  that,  although 
iron  has  some  drawbacks,  it  possesses  a  considerable  balance  of 
advantage.      Other  nations,  endowed  with  a  wealth  of  ship- 
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bnilding  timber,  have  not  failed  to  realise  this :  in  France, 
Italy,  and  still  more  noteworthy  in  the  United  States,  iron 
is  rapidly  gaining  ground,  and  English  models  are  being 
imitated  or  improved  upon. 

A  better  appreciation  of  the  great  increase  in  the  sizes  and 
proportions  of  ships  which  has  accompanied  the  use  of  iron 
hulls  in  both  the  Boyal  Navy  and  the  mercantile  marine 
will  be  obtained  from  a  few  typical  examples.  Taking  the 
Royal  Navy  first,  the  following  tabular  statement  will 
suflSce : — 


Date  of 

DIs- 

IndloMsd 

Class  of  Ship. 

Con- 
Btraction. 

Name. 

plao- 
menu 

Hone- 
power. 

Leogth. 

BMdth. 

Wood.  ttnoTMOurrd. 

Tou. 

WmL 

KMt 

FiArgfCt  sailing  three-deckers 

1815 

SL  VincaU  . 

4.700 

— 

Mi 

•31 

„      screw 

1869 

Victoria  .     . 

6,950 

4,190 

960 

00 

„           „       two-d<K;kerB . 

1860 

Duncan  .     . 

5,700 

3,810 

SiS 

50 

„       Wgates   .     . 

1857 

Oriand»  .     . 

5,600 

4,000 

300 

5S 

TToori,  armoured. 

Largest  class 

1863 

Lord  Warden 

7,840 

6,700 

186 

M 

Iron,  unarmourtd. 

Swift  cmlidng  frigate  .     .     . 

1866 

Jneontlamt  . 

6,780 

7,360 

337 

Mi 

/roti,  wnMurtd, 

Early  bruarlside  ships  .     •    .| 

1859 
1861 

Warrior,     . 
Jlinotaur 

9,100 
10,60«i 

6,470 
6,700 

300 

400 

ii 

60* 

Modern      „          ,,     •     •     .| 

1865 

HercuUM .     . 

8,7i>0 

8,530 

33f 

59 

1873 

Alexandra  . 

9,6fi0 

8,600 

325 

<3| 

1 

1K69 

DewutaJtion  . 

9,290 

6,650 

S85 

•3* 

MaRt!ess  type  (sea-going).     .< 

1871 

Drtadwmgkt 

10.H90 

8,000 

320 

<S| 

1 

1874 

IH/laibU     . 

11,400 

8,000 

320 

ur 

This  increase  in  size  has  not  merely  been  associated  with 
the  special  strains  due  to  the  use  of  armour,  but  with  the 
adoption  of  proportionately  more  powerful  engines,  and  the 
attainment  of  higher  speeds.  The  best  of  the  screw  line-of- 
battle  ships  of  the  old  type  attained  from  12  to  13  knots  at 
full  speed ;  this  latter  speed  was  also  the  maximum  of  the 
finest  wood  frigates.  But  now  the  armoured  battle-ship  has 
a  speed  of  14  to  1 5  knots  ;  and  the  swift  cruiser  class  have 
speeds  of  from  15  to  16  knots.  Wood  hulls  could  scarcely 
be  expected  to  meet  satisfactorily  these  greatly  changed 
conditions  ;  but  iron  hulls  have  answered  the  purpose,  and 
tliere  is  no  reason  to  think  that  the  limits  of  the  capabilities 
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of  the  material  haye  been  reached,  even  in  the  largest  and 
swiftest  ships  afloat.  Great  engine-power  in  wood-bnilt  ships 
is  very  trying  and  injurious  to  the  structures ;  but  no 
similar  wear  and  tear  occurs  with  iron.  The  Orlando  and 
her  sister  frigate,  the  Mersey^  were,  when  constructed,  ex- 
periments in  the  direction  of  applying  large  engine-power 
and  great  proportions  of  length  to  breadth  in  wood  ships ; 
but  the  results  were  anything  but  satisfactory.  These 
vessels  required  considerable  repairs  during  their  brief 
period  of  service,  and  rapidly  fell  out  of  use.  Against  this 
failure  to  sustain  successfully  the  strains  incidental  to  screw 
propulsion,  set  the  case  of  the  iron-built  IneonatatU,  which  is 
longer  than  the  OrlandOy  of  less  beam,  three  knots  faster, 
with  80  per  cent,  greater  engine-power,  and  yet,  thanks  to 
her  iron  hull,  displays  no  signs  of  working  or  weakness. 

In  the  United  States  the  attempt  was  made  to  build  swift 
cruisers,  the  famous  Wampanoag  class,  of  wood.  Without 
entering  into  any  details  of  the  controversy  respecting  this 
class,  it  may  be  stated  that,  on  all  hands,  it  is  now  admitted 
that  the  wood  hulls  were  not  well  suited  for  the  great  engine- 
power  put  into  the  ships.  The  fact  that  several  of  the  class 
have  been  left  unfinished  or  unemployed  after  trial  shows  the 
estimation  in  which  the  vessels  are  held  by  the  authorities 
of  the  American  Navy.  Further,  it  is  interesting  to  note 
that  American  shipbuilders  are,  at  length,  devoting  them- 
selves energetically  to  the  development  of  iron  ship  con- 
struction. Several  small  iron  vessels  have  been  recently 
added  to  their  navy ;  and  iron  has  been  used  for  the  hulls 
of  many  large  fast  steamships  for  ocean  navigation.  French 
designers  have  also  acknowledged  the  superiority  of  iron  to 
wood,  by  building  their  swift  cruisers  on  the  model  of  the 
Ineonstant,  and  their  ironclads  on  the  bracket-frame  system 
illustrated  in  Fig.  104,  page  331. 

In  the  mercantile  marine,  scarcely  less  remarkable  changes 
have  been  made  in  the  sizes  and  proportions  of  ocean 
steamers.  Take,  for  example,  vessels  on  the  Transatlantic 
service.     Not  quite  forty  years  ago,  the  wood-built  Oreai 
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Western  was  considered  a  remarkably  fine  vessel;  her 
dimensions  were,  length  210  feet,  breadth  35^  feet,  tonnage 
(B.O.M)  1340  tons,  load  displacement  2300  tons.  8he  was 
followed,  in  1840,  by  the  Oreai  Britain^  built  of  iron,  of 
which  the  dimensions  were,  length  290  feet,  breadth  51  feet» 
tonnage  3270  tons  (register),  original  load  displacement  3000 
tons.  These  dimensions  were  then  considered  extravagant, 
if  not  unsafe;  but  the  ship  was  quite  recently  at  work, 
on  the  Australian  line,  although  thirty-five  years  old.  The 
changes  made  since  her  construction  are  still  more  remark- 
able. The  largest  Transatlantic  steamers  now  at  work  are 
490  feet  long  by  44  feet  beam,  and  about  5500  tons 
(register),  their  displacement,  when  fully  laden,  being  from 
9000  to  10,000  tons.  No  one  can  for  a  moment  suppose 
that  such  sizes  and  proportions  could  have  been  achieved 
with  wood  as  the  material,  in  conjunction  with  very  power- 
ful engines  and  extremely  high  speeds.  Finally^  as  a 
crowning  example  of  what  may  be  done  with  inm,  take 
the  Great  Eastern,  680  feet  long,  83  feet  broad,  of  22,500 
tons  (register),  and  load  displacement  27,400  tons,  which 
after  some  fifteen  years'  service  still  remains  strong  and 
efficient,  having  meanwhile  performed  most  arduous  work 
in  laying  various  submarine  telegraph  cables. 

Iron  ships  are  proved  to  be  superior  to  wood  in  the 
following  important  particulars: — (1)  Lightness  combined 
with  strength;  (2)  durability,  when  properly  treated;  (3) 
case  and  cheapness  of  construction  and  repair;  (4)  safety^ 
when  properly  constructed  and  subdivided.  On  the  other 
hand,  iron  ships  are  inferior  to  wood  in — (1)  easy  penetra- 
bility of  the  bottom  by  rocks  or  other  hard  pointed  sub- 
stances ;  (2)  fouling  of  the  bottom,  and  consequent  loss  of 
speed,  after  being  afloat  for  some  time.  Compass  correction 
in  iron  ships  is  now  so  satisfactorily  performed  that  there  is 
no  need  to  refer  to  a  matter  which  at  the  outset  had  great 
practical  importance.  Taking  these  points  in  the  order  in 
which  they  have  been  named,  each  of  them  will  be  illustrated 
brieflv ;  and  after  concluding  these  remarks,  a  few  will  be 
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added  on  the  subject  of  the  use  of  iron  hulls  in  unannoured 
ships  of  war. 

First,  as  to  lightness  combined  with  strength.  In  wood- 
built  ships  of  the  Royal  Navy  it  is  found  that  about  (yne- 
half  the  total  weight  is  required  for  the  hull ;  in  similar 
ships  of  the  merccmtile  marine  the  hulls  are  somewhat 
lighter  in  proportion  to  the  displacement.  In  iron  merchant 
ships  the  hull  frequently  weighs  only  one-third  of  the 
total  weight,  high  authorities  agreeing  that  the  change 
from  wood  to  iron  effects  a  saving  of  from  30  to  40  per  cent, 
on  the  weight  of  the  hull.  The  iron  ships  of  the  Boyal  Navy 
are  not,  as  a  rule,  so  lightly  built  as  iron  merchant  ships,  the 
difference  being  due  to  differences  of  form  and  the  special 
requirements  of  their  service.  In  some  of  the  earlier  iron 
vessels  of  the  Navy,  both  armoured  and  unarmoured,  the 
hulls  were  as  heavy  as,  or  even  heavier  than,  the  hulls  of 
wood  ships,  in  proportion  to  the  displacements.  But  as  the 
principles  of  iron  ship  construction  have  become  better 
understood,  considerable  savings  in  weight  of  hull  have 
been  effected  simultaneously  with  an  increase  in  structural 
strength,  and  now  it  is  not  uncommon  to  find  the  weight  of 
hull  only  30  to  40  per  cent,  of  the  total  displacement,  in 
vessels  carrying  the  thickest  armour  and  heaviest  guns. 
This  expression  of  the  weight  of  hull  as  a  fraction  of  the 
displacement,  or  total  weight,  of  the  ship  is  by  no  means  a 
complete  view  of  the  comparison  of  wood  and  iron  ships. 
It  takes  no  cognisance  of  the  fact,  to  be  hereafter  illustrated, 
that  forms,  sizes,  and  proportions  are  now  commonly  adopted 
that  could  never  have  been  used  with  wood  as  the  material ; 
and  it  does  not  recognise  the  variations  which,  for  similar 
methods  of  construction,  have  to  be  made  in  the  ratio  of 
the  weight  of  hull  to  the  displacement,  in  order  to  secure 
equal  structural  strength  in  vessels  of  different  sizes.  It  is, 
however,  a  sufficiently  accurate  mode  of  comparison  for  our 
present  purpose,  and  is  very  commonly  used.  The  following 
tabular  statement  will  show  at  a  glance  the  advantages  in 
point  of  lightness  possessed  by  iron  ships  of  various  classes ; 
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most  of  the  figures  are  taken  from  actual  ships,  and  may 
therefore  be  accepted  without  question. 


Classes  of  Ships. 


Wood  merchant  ships    . 

war-ships,  unarmoured 
ironclad    . 


9> 


99 


>» 


Iron  merchant  ships 

troopships,  Royal  Navy,  early  types 
„  „        „       later  types 

war-ships,  unarmoured  (swift  cruisers) 
ironclad,  early  types  . 
later  types    . 
mastless  type     . 
circular  type  (Russian) 


99 
99 
99 

99  ♦♦ 
99  99 
99  99 
99     99 


99 
»9 
99 


9» 


99 
99 


Percentage  of  Displace- 
ment. 


Weight  of 
Hull. 


35  to  45 

60 
48  to  50 

30  to  35 
50  to  52 
48  to  60 

60 
52  to  58 
40  to  45 
30  to  35 
20  to  22 


Weight 
Carried. 


65  to  65 

60 
60  to  52 

65  to  70 
48  to  50 
60  to  62 

60 
42  to  48 
65  to  60 
65  to  70 
78  to  80 


Notes  to  Table, 

The  Orontes  and  TaTnar  are  the  representatives  of  the  earlier  troop- 
ships. The  Indian  troopships  represent  the  later  types,  and  possess  a 
double  bottom,  which  their  predecessors  did  not  possess,  being  safer  as  well 
as  lighter. 

In  the  weight  of  hull  for  the  swift-cruiser  class  there  is  included  a 
considerable  weight  of  wood  sheathing,  fixed  outside  the  iron  hall  in  order 
that  the  bottoms  might  be  coppered  or  zincked.  This  wood  is  unnecessary 
for  structural  strength ;  excluding  it,  the  percentage  for  bull  would  sink 
to  about  42  per  cout.  of  the  displacement,  notwithstanding  the  great 
engine-power  and  high  speed  of  the  ships. 

The  case  of  the  ironclads  is  so  important  that  the  following  additional 
illustrations  may  be  interesting ;  they  are  taken  from  Mr.  Becd's  work  on 
Our  Ironclad  Ships,  and  other  trustworthy  publications. 


Ironclads  of  Roval  Navv. 

•                         • 

Weight  of 
Halt 

Weight 
carried. 

Early   i  lilark  Prince  (broadside)  .      .      . 
types    1  Defence 

[  BeUerophon 

Recent    }fonatxh 

types      Invincibie 

Devastation  (mastless) 

Too& 

4970 
3500 

3650 
3670 
2740 
2880 

ToOflL 

4280 
2500 

3800 
4630 
3200 
6410 
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Notes  to  Table  (continned). 
The  explaDation  previoasly  given  of  the  structural  changes  by  which 
these  remarkable  results  have  been  accomplished  need  not  be  repeated.* 
Perhaps  the  saving  in  weight  will  be  better  appreciated  when  it  is  stated 
in  another  form.  In  a  large  ironclad  of  8000  to  9000  tons  displacement 
the  decrease  in  weight  of  hull  would  amount  to  quite  800  or  1000  tons,  and 
this  being  transferred  to  the  carrying  power  constitutes  a  most  notable 
addition  thereto.  At  the  same  time  a  stronger,  safer  ship  is  obtained. 
The  moderate  freeboard  of  the  mastless  type  conduces  to  their  greater 
lightness  of  hull.  See  the  remarks  on  page  349  as  to  the  greater  strength  of 
the  war-ships  when  compared  with  merchant  ships,  and  as  to  the  superi- 
ority of  the  recent  types  of  ironclads  when  compared  with  earlier  types. 

Iron  ships  are,  then,  undoubtedly  superior  to  wood  ships 
in  their  combination  of  lightness  with  strength;  and  the 
chief  causes  contributing  to  the  difference  may  be  briefly 
summarised. 

Each  piece  in  the  structure  of  a  ship  may  be  regarded 
in  a  twofold  aspect :  first,  as  an  individual  piece  liable  to 
be  subjected  to  tensile,  compressive,  bending,  or  torsional 
strains ;  secondly,  as  a  piece  combined  with  and  fastened  to 
adjacent  pieces  in  order  that  it  may  assist  the  general 
structural  strength.  Following  the  method  of  the  preceding 
chapters,  this  may  be  expressed  by  saying  that  the  various 
pieces  making  up  the  structure  must  be  arranged  with 
reference  to  both  the  local  and  the  general  requirements. 
Moreover,  the  foregoing  discussion  will  have  shown  that 
tensile  and  compressive  strains  are  of  the  first  importance : 
bending  strains  have  to  be  borne  by  some  pieces,  such  as 
the  deck-beams,  the  ribs,  and  longitudinals,  but  these  strains 
are  less  importtint ;  while  torsional  or  twisting  strains  are  of 
rare  occurrence,  and  scarcely  require  consideration. 

Let  the  resistances  of  single  pieces  of  wood  and  iron  to 
tensile  or  compressive  strains  be  first  considered.  Take  a 
simple  tie-bar,  for  example,  and  suppose  a  certain  weight 
suspended  to  one  end  while  the  upper  end  is  fixed.  As  the 
weight  is  gradually  increased,  the  bar  will  begin  to  stretch : 
for  a  certain  increment  of  weight  the  elongations  will  be 


*  See  page  355. 
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directly  proportional  to  the  suspended  weight,  and  when  the 
latter  is  removed,  the  bar  will  return  to  its  original  length: 
the  limits  within  which  this  condition  holds  are  termed 
the  "  limits  of  elasticity,"  or  sometimes  the  ^elastic  limits." 
As  the  suspended  weights  are  still  farther  increased,  and 
the  limits  of  elasticity  are  passed,  if  the  weights  are 
removed,  the  bar  will  be  found  not  to  return  to  its  original 
length,  but  to  have  a  permanent  elongation  or  ^set.** 
Finally,  as  the  weights  are  yet  further  increased,  they 
will  become  sufficient  to  break  the  bar;  and  this  deter- 
mines the  idiimate  strength  of  the  bar.  As  a  measure  of  pre- 
caution, the  strain  brought  upon  this  tie-bar,  and  likely  to 
be  frequently  repeated,  ought  not  to  esceed  the  limits  of 
elasticity ;  otherwise  the  permanent  set  might,  in  the  end, 
become  dangerously  increased.  And  as  a  matter  of  &ct, 
in  structures  exposed  to  severe  tensile  strains,  the  mftYimnm 
strain  likely  to  be  brought  upon  any  piece  frequently  is 
rarely  allowed  to  exceed  more  than  one-half  or  an&4hird  the 
strain  which  would  just  bring  the  piece  to  its  limit  of 
elasticity.  Within  those  limits,  as  was  said,  the  strains 
produce  elongations  proportioned  to  their  magnitude.  Let 
the  bar,  for  example,  be  L  feet  long,  and  let  it  be  observed 

to  stretch  -th  part  of  its  length,  under  a  strain  of  P  lbs.  per 

square  inch  of  the  sectional  area  of  the  bar :  then  for  anv 

other  strain  Q  we  must  have 

Q     L 
Elongation  =^=r  x  —. 

Jr      » 

If  it  were  possible  without  passing  the  limits  of  elasticity  to 

double  the  length  of  the  bar,  and  E  were  the  strain  which 

would  produce  this  elongation,  we  must  have 

L  =  p  X  — ;  whence  E  =  Pii.* 


•  To  illustrate   the   use  of  this  its  length  unilerastmiii  of  16S0ll». 

fonuula,  we   will   take  aii   actual  per  5i|uare  inch.     Hence  E  =  1152 

exj^xinieut.      A    piece  of  English  x  1^80  =  1^935,000  (neaurly),  the 

oak  wa5  Iknind  to  stretch  yiVi  ^  re«.)aireii  modulus. 
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This  is  confessedly  a  hypothetical  case,  since  no  bar  could 
be  stretched  to  double  its  length,  and  return  tp  the  original 
length  when  the  strain  was  removed;  but  the  hypothesis 
can  be  advantageously  used  in  practice.  The  quantity  E  is 
termed  the  modulus  of  elasticiiy,  and  its  comparison  for 
various  substances  furnishes  a  ready  means  of  estimating 
the  relative  efficiencies  of  the  different  materials  in  resist- 
ing change  of  form.  This  is  equally  applicable  to  com- 
pression, within  certain  limits,  as  it  is  to  tension. 

In  a  ship  or  any  other  structure  it  is  desirable  that  no 
permanent  set  shall  take  place  in  any  piece ;  in  other  words, 
that  no  piece  shall  be  strained  beyond  its  elastic  limits.  In 
different  materials  the  elastie  strength,  as  it  may  be  termed, 
bears  various  ratios  to  the  ultimate  strength.  In  wrought 
iron  or  steel,  for  example,  the  limits  of  elasticity  are  not 
passed  until  a  strain  is  reached  equal  to  about  one-half  the 
breaking  strain ;  the  elastic  strength  being  about  one-half 
the  ultimate  strength.  In  timber,  on  the  contrary,  the  elastic 
strength  appears  not  to  exceed  one-third  or  one-fourth  the 
ultimate  strength ;  but  the  limits  of  elasticity  have  not  been 
accurately  determined.  For  absolute  resistance  to  fracture, 
the  shipbuilder  has  to  consider  the  ultimate  strengths  of 
the  materials  employed ;  for  ordinaiy  conditions  of  service 
he  has  to  consider  what  shall  be  the  working  strains  which 
can  be  repeatedly  brought  upon  the  various  parts  without 
producing  permanent  change  of  form.  The  ratios  which 
these  working  strains  bear  to  the  ultimate  strengths  are 
termed  "  factors  of  safety."  These  explanatory  remarks  will 
enable  us  to  compare  with  more  precision  the  relative 
efficiencies  of  wood  and  iron. 

Take,  first,  the  ultimate  resistances  to  tensile  strains  of 
these  two  materials.  Good  iron  plates,  such  as  are  used  in 
the  hulls  of  her  Majesty's  ships,  have  a  tensile  strength  of 
from  40,000  to  50,000  lbs.  (18  to  22  tons)  per  square  inch  of 
sectional  area,  the  weight  per  cubic  foot  being  480  lbs.  By 
means  of  careful  tests  this  strength  is  secured  in  all  the  iron 
used ;  and  it  is  a  noteworthy  fact  that  iron  can  be  procured 
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of  almost  constant  quality  and  strength.  Taking  this  as 
the  standard,  let  us  see  how  the  timbers  chiefly  used  in  ship- 
building compare  with  iron  as  to  their  tensile  strengths  in 
proportion  to  their  weights.  One  feature  in  which  all  timbers 
differ  from  iron  is  in  their  want  of  uniformity  of  quality  and 
tensile  strength.  Even  when  the  utmost  care  has  been 
taken  to  season  timbers,  considerable  variations  are  found  to 
exist,  not  merely  in  different  logs^  but  in  the  strengths  of 
different  pieces  cut  from  various  parts  of  the  same  tree. 
Such  causes  as  the  existence  of  knots,  cross-grain,  &c. 
affect  the  strength ;  and  it  is  very  different  lengthwise  of 
the  grain  from  what  it  is  across  the  grain.  Hence  arises  a 
difficulty  in  ascertaining  the  average  strengths  of  timber 
materials,  and  one  which  is  not  easily  surmountable ;  with 
the  greatest  care  in  the  conduct  of  experiments,  different 
investigators  have  reached  very  diverse  results.  Taking 
the  best  of  these  experiments,  the  following  are  the  results 
for  a  few  of  the  timbers  most  commonly  used : — ^* 


Timlwrs. 


British  oak 
Dantzic  oak 
Daiitzic  Gr 
English  ehii 
Pitch  pine  . 
Teak  .  . 
African  oak 
iSubicu  . 


Average  Weight 
per  Cubic  Foot. 


PoundB. 
64 
52 
36 
35 
40 
48 
62 

04 


Tensile  Strength. 


Pounds  per  Stfiure  Indi. 
7,000  to  10,000 
4,200  to  12,800> 
2,240  to    4,480 
5,500  to  13,500* 
4,600  to    7,800 
3,300  to  15,000> 
4,800  to  10,900 
4,300  to    6,900 


*  lX>ubtful  vahu's;  Mr.  Laslett  gives  5700  lbs.  »i8  the  up})er  limit  for  teak, 
7400  lbs.  fur  Dantzic  oak,  and  6700  lbs.  for  elm. 


I 


*  Thest»  tigures  are  Ui:$ed  upon 
the  experiments  of  Biirlow,  Tred- 
gold,  Hod;zkiiison,  and  others,  of 
which  am  excellent  summary  is  con- 
tained ill  the  late  Professor  Kan- 
kine*8  works,  as  well  as  uix)n  the 
more   recent  and   valuable   experi- 


ments recorded  in  TiinJber  a¥td 
Timber  Trees,  by  Mr.  Laslett,  Ad- 
miralty Inspector  of  Timber.  JSir 
W.  Fairbaim*s  tables  have  also  be^ 
examined  in  comparison  with  the 
others. 
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British  oak  may  fairly  be  taken  as  the  standard  timber, 
and  its  weight  per  cubic  foot  is  about  one-ninth  that  of  iron, 
while  its  ultimate  tensile  strength  might  be  about  one-fifth 
that  of  iron.  Here,  then,  the  timber  apparently  gains  upon 
the  iron  in  its  ultimate  strength  compared  with  its  weight ; 
but  it  is  easy  to  see  that  it  does  not  really  compare  so 
favourably.  First,  the  builder  would  have  no  certainty 
that  any  piece  of  oak  he  might  select  would  reach  the 
average  of  strength  :  it  might  fall  so  low  as  to  be  only  one- 
eighth  the  ultimate  strength  of  iron,  some  specimens  tested 
having  had  that  ultimate  tensile  strength.  Second,  to  guard 
against  possible  defects  not  discoverable  on  the  surface,  and 
to  meet  the  different  range  of  elasticity,  a  larger  factor  of 
safety  would  be  employed  with  the  timber  than  with  iron 
— about  10  for  timber,  as  against  4  or  5  for  iron. 

As  a  simple  illustration,  take  the  case  of  a  tie-bar  of  oak, 
say,  1  square  foot  in  sectional  area;  it  would  probably 
have  an  ultimate  tensile  strength  of  about  570  tons,  but 
would  only  be  trusted  with  a  moving  load  of  about  55  to  60 
tons.  An  iron  bar  of  equal  weight  would  have  a  sec- 
tional area  of  \  square  foot,  and  a  tensile  strength  of 
320  tons;  but,  owing  to  its  superior  elasticity  and  the 
confidence  felt  in  its  uniformity  of  strength,  it  would  be 
trusted  with  a  load  of  from  65  to  80  tons.  Or,  to  state 
the  comparison  somewhat  differently,  an  iron  bar  capable  of 
safely  sustaim'ng  the  same  load  as  the  oak  bar  need  only 
have  an  ultimate  tensile  strength  of,  say,  260  tons,  which 
would  be  equivalent  to  a  sectional  area  of  13  square  inches. 
The  oak  bar  would  weigh  54  lbs.  per  foot  of  length ;  the 
equivalent  bar  of  iron  would  weigh  about  45  lbs.  per  foot  of 
length. 

The  same  considerations  apply  to  other  timbers,  oak 
being  superior  to  most,  if  not  to  all  of  them :  and  in  these 
considerations  we  find  one  of  the  explanations  of  the 
superiority  of  iron  to  wood  in  the  combination  of  lightness 
with  strength.  Professor  Kankine  proposed  5f  tons  per 
square  inch  as  the  average  ultimate  tensile  strength  of  ship- 
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building  timber;  but,  in  view  of  the  more  recent  and 
extensive  experiments  which  have  been  quoted,  this  estimate 
appears  too  high,  and  8  tons  per  square  inch  would  be 
sufBcient  allowance;  48  lbs.  per  cubic  foot  is  about  the 
average  weight  of  these  timbers. 

Their  ultimate  resistances  to  compression  also  require 
consideration,  in  comparison  with  the  resistance  of  wrought 
iron  to  direct  compression.*  Here  authorities  differ  widely 
as  to  the  strength  of  wrought  iron.  Professor  Bankine 
gives  from  27,000  to  36,000  lbs.  per  square  inch ;  whereas 
Sir  W.  Fairbaim  fixed  it  at  70,000  lbs.,  on  the  authority 
of  Eondelet,  the  tensile  strength  being  45,000  to  50,000  lbs. 
per  square  inch.  If  the  mean  of  the  two  statements  is 
taken,  it  will  be  found  that  the  ultimate  resistance  of  iron 
to  compressive  strains  is  very  nearly  the  same  as  its  resist- 
ance to  tensile  strains,  and  this  is  probably  very  near  the 
truth. 

Taking  the  same  timbers  as  in  the  list  previously  given,  it 
appears  from  experiment  that  their  ultimate  resistances  to 
compression  are  as  follows  : — 


Timbers. 

Compressive  Strength. 

British  oak 
Dantzic  oak 
Dantzic  fir. 
English  elm     , 
Pitch  pine 
Teak     .     . 
African  oak 
Sabicu  . 

Pounds  per  Square  IndL 

7,600  to  10,000 
6,800  to    8,700 
7,000  to    9,500 
5,800  to  10,000 
6,500  to    9,800 
6,ii00  to  12,000 
10,000  to  11,000 
6,500  to    9,000 

A  fair  average  value  of  the  compressive  strengths  of  timbers 
used  in  shipbuilding,  therefore,  appears  to  be  about  3J  tons 
per  square  inch,  which  nearly  agrees  with  Professor  Bankine's 
estimate.     Against  these  strains,  moreover,  the  use  of  so 

*  The  iron  is  not  supposed  to  fail  by  **  buckling."    See  remarks  <mi  this 
subject  at  page  299. 
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large  a  fiactor  of  safety  as  against  tensile  strains  scarcely 
appears  necessary.  Supposing  a  factor  of  safety  of  8  to  be 
taken  instead  of  10,  the  safe  working  load,  on  an  average, 
for  timber  subject  to  compressive  strains  would  be  about 
three-eighths  of  a  ton  per  square  inch:  for  wrought  iron, 
the  working  load  would  be  from  2^  to  4  tons — say,  3  tons  as 
a  safe  average.  As  regards  compressive  strains,  therefore, 
timber  in  single  pieces  compares  better  with  iron,  in  strength 
relatively  to  weight,  than  it  does  in  resistance  to  tensile 
strains.  All  pieces  in  a  ship,  however,  are  liable  to  both 
classes  of  strains,  and  consequently  wood  is  inferior  to  iron, 
its  inferiority  becoming  more  marked  when  one  passes  from 
single  pieces  to  a  combination. 

These  factors  of  safety  for  both  tensile  and  compressive 
strains  have  been  determined  chiefly  from  the  practice  of 
civil  engineers,  and  are  adapted  to  the  conditions  of  fixed 
structures  which  have  to  bear  the  working  loads  frequently. 
There  is  an  important  difference  between  such  structures 
and  ships ;  for  the  latter  have  to  resist  the  maximum  strains 
(described  in  Chapter  IX.)  only  on  rare  occasions,  and  pro- 
bably at  Jong  intervals,  the  strains  ordinarily  experienced 
being  much  less  severe.  It  will  be  evident  that  a  severe 
strain  only  occasionally  applied  is  not  so  likely  to  produce 
serious  damage  as  a  less  strain  frequently  applied,  especially 
when  the  character  and  intensity  of  the  latter  strain  are 
continually  and  rapidly  changing,  provided  that  the  maxi- 
mum strain  does  not  surpass  the  limits  of  elasticity  of  the 
materials.  For  these  rectsons,  shipbuilders  do  not  restrict 
themselves  to  the  factors  of  safety  approved  by  civil  en- 
gineers. At  present  there  are  no  recognised  factors  for  the 
different  classes  of  ships,  but  the  subject  is  receiving  attention, 
and  from  the  analyses  of  the  conditions  of  strain  in  numerous 
successful  and  unsuccessful  ships  there  will  probably  be 
deduced,  ere  long,  useful  rules  for  practice  corresponding  to 
those  of  the  civil  engineer. 

The  moduli  of  elasticity  of  the  two  materials  afford, 
perhaps,  the  readiest  means  of  comparing  their  relative 
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resistances  to  both  tensile  and  compressiye  strains.  Professor 
Rankine  gave  the  following  values : — 


Materials. 

Modulus  of  Elasticity. 

Wrought  iron  . 

28,000,000 

English  oak     . 

1,450,000 

Dantzic  oak     . 

1,190,000 

Dantzic  fir 

1,958,000 

English  elm     . 

700,000 

Pitch  pine  . 

1,226,000 

Teak 

2,400,000 

More  recent  experiments  made  in  the  Koyal  Dockyards 
on  some  of  these  timbers  give  somewhat  different  moduli 
of  elasticity.  English  and  Dantzic  oak,  for  example,  had 
moduli  of  about  1,900,000 — greater  than  those  assigned 
by  Professor  Kankine;  whereas  teak  had  a  modulus  of 
about  1,300,000,  or  little  more  than  one-half  that  in  the 
above  list.  On  the  whole,  however,  it  seems  not  un- 
reasonable to  accept  the  average  modulus  proposed  by 
Professor  Bankine,  viz.  that  timber  shall  be  considered  to 
have  about  one-sixteenth  the  modulus  of  iron.  When  iron 
and  wood  act  together,  therefore,  this  is  the  ratio  which 
should  govern  their  equivalent  sectional  areas.*  The  ratio 
of  weights  per  cubic  foot,  it  will  be  remembered,  is  about 
1  for  wood  to  10  for  iron.  No  further  remarks  will  be 
needed  in  illustration  of  the  superior  combination  of  light- 
ness with  both  tensile  and  compressive  strength,  in  single 
pieces  of  iron  as  compared  with  single  pieces  even  of  the 
best  timber. 

^rhe  resistance  offered  by  a  combination  of  pieces  of 
timber  to  compressive  strains  does  not  compare  less  favour- 
ably with  that  of  iron  than  does  the  resistance  of  a  single 
piece  of  timber  to  that  of  a  single  piece  of  iron,  provided 


*  See  the  remarks  on  page  315. 
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only  that  there  is  good  workmanship  in  the  fitting  of  the 
pieces  together.  This  has  already  been  explained  in  con- 
nection with  the  effective  resistance  to  hogging  strains 
offered  by  the  lower  parts  of  the  wood  ship  illustrated 
by  Fig.  102,  page  322.  A  plain  "  butt "  (or  flat  end)  to 
two  planks  or  timbers  will  effectively  transmit  a  thrust, 
provided  only  that  the  two  ends  are  well  fitted  to  one 
another,  and  are  prevented  from  changing  their  relative 
positions. 

On  the  contrary,  when  several  pieces  of  timber  have  to  be 
combined  in  order  to  resist  tensile  strains,  their  resistance 
compares  much  less  favourably  with  that  of  a  combination 
of  iron  plates  or  bars  than  does  the  ultimate  tensile 
strength  of  a  single  piece  of  timber  with  that  of  a  single 
piece  of  iron.  Against  tension  a  butt-joint  is  obviously 
quite  ineffective:  for  in  Fig.  102,  if  any  two  timbers  abutting 
on  one  another  in  a  rib  or  frame  were  considered  to  act  alone, 
and  to  be  subjected  to  a  strain  tending  to  separate  the 
butts,  they  could  oppose  no  resistance  except  the  friction  of 
the  dowel,  which  would  be  very  trifling.  If  a  "  strap "  of 
wood  or  iron  were  fitted  over  the  butts  and  bolted  to  the 
timbers,  it  would  resist  the  force  tending  to  open  the  butts ; 
and  it  has  been  shown  that  the  weakness  of  the  butts  in  any 
rib  is,  so  to  speak,  covered  by  the  strength  of  the  unbutted 
ribs  lying  on  either  side.  In  many  wood  ships  the  timbers 
of  consecutive  ribs  are  bolted  together,  in  pairs,  to  increase 
the  strength  of  the  frame.  In  the  case  of  the  water-way 
fitted  upon  the  beam-ends  of  a  wood  ship  (Fig.  102)  the 
various  pieces  are  plain-butted :  but  the  butts  are  covered 
by  strong  carlings  fitted  underneath,  and  to  these  the 
water-way  pieces  are  dowelled.  This  is  an  exceptional 
arrangement,  however,  the  almost  universal  plan  adopted 
where  two  pieces  of  timber  have  to  be  joined  end-to-end,  in 
order  to  form  a  tie,  being  to  "  scarph  "  or  overlap  the  ends 
in  some  fashion  more  or  less  complicated  and  expensive. 

Take  the  keel,  for  example,  in  a  wood  ship :  the  adjoining 
pieces  are  secured  by  what  is  termed  a  "tabled  scarph." 


> 
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Fig.  107  shows  the  two  parts  of  the  scarph,  thrown  back 
to  exhibit  the  projecting  "tabling"  and  the  sunken  re- 
cesses into  which  the  tabling  fits.  Fig.  108  shows  the  two 
parts  in  place,  with  the  fastening  bolts  which  assist  the 
tabling  in   resisting  tensile   strains   tending  to   open  the 

Rai07 


scarph.  The  plan  is  an  excellent  one,  but  necessitates  con- 
siderable skill  and  cost  of  workmanship  in  fashioning  the 
scarphs  so  that  they  may  fit  accurately.  The  same  thing 
is  true  in  the  beam-scarphs,  illustrated  in  side  view  by 
Fig.  109,  and  plan  in  Fig.  110.     This  is  termed  a  "  hooked 
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scarph,"  metal  wedges  or  keys  (h,  k,  Fig.  110)  being 
driven  to  tighten  up  the  scarph,  and  bolts  and  treenails 
being  used  to  fasten  it.  This  hooked  scarph  is  of  com- 
paratively recent  introduction,  having  replaced  the  simple 
but  less  compact  and  satisfactory  method  illustrated  in 
Figs.  Ill  (side  view)  and  112  (plan).  The  fastenings  in 
this  case  consist  of  dowels,  treenails,  and  metal  bolts.     Still 
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another  method  of  scarphing  is  illustrated  in  Fig.  113,  and 
is  known  as  a  ^^  plain  scarph,"  being  free  from  tabling  and 
hooks.  It  is  not  nearly  so  strong 'against  tensile  strains  as 
the  preceding  plans;  but  neither  does  it  involve  such 
care  and  expense  in  fashioning.  The  keelsons,  shelf-pieces, 
and  some  other  longitudinal  ties,  are  frequently  scarphed  in 
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this  manner.  It  will  be  noted  that  in  the  last  plan,  and  the 
preceding  one  (Figs.  Ill,  112),  the  fastenings  have  to 
contribute  the  whole  resistance  to  separation  of  the  scarph 
under  tensile  strains;  and  when  these  strains  are  acting, 
there  is  a  tendency  for  the  wood  to  yield  in  wake  of  the 
comparatively  small  and  hard  metal  bolts. 

FIG.  113 


The  greater  hardness  and  small  size  of  the  metal  fasten- 
ings in  a  wood  ship  is  one  fruitful  source  of  weakness  and 
working.  Parts,  at  one  instant  under  tension,  tend  to  yield 
in  wake  of  iron  or  metal  bolts  :  soon  after,  under  compressive 
strains,  the  tendency  disappears,  to  be  followed  almost 
immediately  by  its  reappearance,  if  the  ship  is  floating 
amongst  waves.  It  will  of  course  be  understood  that  we  are 
here  dealing  with  tendencies  only,  and  not  with  actual 
yielding;  the  existence  of  a  large  reserve  of  strength 
often  preventing  the  tendency  from  passing  into  a  sensible 
change  of  form.  When  ships  are  weak,  it  is  otherwise, 
and  then   working  takes   place.      It   is   worth   notice,   in 
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passing,  that  the  use  of  timber  treenails  as  fastenings  in 
the  ontside  planking  of  a  wood  ship,  or  of  coaks  and  dowels, 
also  of  hard  wood,  is  from  this  point  of  view  a  considerable 
advantage.  Coaks  in  particular,  and  treenails  in  some 
degree,  have  a  larger  "  bearing  "  surface  on  the  wood  planks, 
&c.  than  have  metal  bolts ;  besides  which  they  are  not  so 
hard,  both  of  which  differences  tend  to  lessen  the  local 
yielding  of  the  pieces  fastened  by  them. 

An  assemblage  of  wood  planks  or  timbers,  such  as  is  found 
in  the  outside  planking,  or  the  flat  of  a  deck,  is  not  usually 
dealt  with  by  scarphing  adjoining  pieces  together.  Plain 
butt-joints  are  then  had  recourse  to  (see  Fig.  100,  p.  315), 
and  the  weakness  of  the  butted  strakes  on  any  transverse 
section  is  met  by  the  device,  previously  explained,  of  "  shift 
of  butts."  This  is,  however,  tantamount  to  a  reduction  of 
the  total  sectional  area  by  one-fourth^  when  resistance  to 
tensile  strains  is  being  considered ;  and  the  holes  for  bolts 
and  treenails  necessitate  a  farther  deduction. 

Such  are  the  best  results  obtained  either  in  timber-ties 
(like  the  keel,  or  beam,  or  shelf-piece)  or  in  an  assemblage 
of  planking.  Either  scarphing  of  an  elaborate  and  expensive 
character  must  be  adopted,  or  shift  of  butts  must  be  trusted. 
In  all  cases,  moreover,  the  greater  hardness  and  small 
surface  of  the  metal  bolts  tend  to  produce  yielding  of  the 
wood  in  wake  of  them  when  the  parts  are  under  tension. 

In  every  one  of  these  particulars  iron  gains  upon  wood. 
The  rivets  forming  the  fastenings  of  piece  to  piece  are  of  the 
same  degree  of  hardness  as  the  plates  or  bars;  so  that 
yielding  in  wake  of  them  is  not  to  be  feared.  What  must 
be  secured  is  that  the  riveting  is  properly  done,  and  the 
holes  in  the  plates,  &c.  well  filled  by  the  rivets.  Again,  when 
two  pieces  of  iron  have  to  be  joined  to  form  a  tie,  nothing 
can  be  simpler  than  the  connection.  The  pieces  may 
either  be  lapped  and  riveted,  as  in  Fig.  114,  or  butted  and 
strapped,  as  in  Fig  115.  In  cither  case  the  shearing  strength 
of  the  rivets  may  be  made  to  fix  the  ultimate  resistance  of 
the  tie  to  tensile  strains.     With  the  lap  joints  of  Fig.  114 
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the  resistance  to  compression  is  also  measured  by  the 
shearing  strength  of  the  rivets;  whereas  in  Fig.  115,  if  the 
butts  are  carefully  fitted,  the  rivets 
in  the  straps  need  not  sustain 
any  shearing  strain  under  com- 
pression, so  long  as  the  plates 
are  prevented  from  buckling. 
It  is  usual  in  iron  ships  to  have 
butts  for  the  vertical  joints  of 
the  outside  plating,  the  trans- 
verse joints  of  the  deck  plating, 
and  other  important  parts;  but 
the  edge  joints  of  the  outside 
plating,  which  are  not  subjected 
to  great  tensile  and  compres- 
sive strains,  are  usually  lapped,  and  the  e^lges  of  the  deck 
plating  are  sometimes  treated  similarly. 

The  butts  in  a  strake  of  plating  are  not  necessarily  sources 
of  weakness,  as  are  the  butts  in  a  strake  of  planking,  because 
the  butt-strap  gives  great  tensile  strength  to  the  butts, 
and  may  be  made  to  render  the  section  of  the  plating  in 
wake  of  a  line  of  butts  quite  as  strong  as  its  section  in 
wake  of  the  lines  of  rivet-holes  at  adjacent  transverse  frames.* 
Shift  of  butts  is  had  recourse  to  also  in  assemblages  of  plating, 
but  is  of  less  importance  than  in  assemblages  of  wood  planking. 
On  the  whole,  in  a  well-built  vessel,  the  effective  sectional  area 
of  an  assemblage  of  plating  against  tensile  strains  is  probably 
not  far  from  seven-eighths  of  the  total  sectional  area,  as  com- 
pared with  five-eighths  for  the  skin  of  a  wood  ship.  It  is  un- 
necessary to  repeat  what  was  said  respecting  the  further  gain 
of  the  iron  skin,  on  account  of  the  eflBcient  edge  connections  of 
strake  with  strake,t  although  this  is  an  important  advantage. 

Enough  has  been  said  to  show  that  it  is  no  exaggeration 


*  See  a  paper  contributed  by  the 
Author  to  the  Transactions  of  the 
Institution  of  Naval  Architects  for 


1873.    The  subject  is  too  technical 
to  be  discussed  in  these  pages, 
t  See  page  337. 
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of  the  merits  of  iron  to  say  that  whether  in  single  pieces,  or  in 
simple  tieSy  or  in  assemblages  of  nmnerons  plates,  it  stands 
far  above  wood  in  its  resistance  to  tensile  strains.  When 
exposed  to  compressive  strains  there  is  an  undoubted  danger 
of  thin  iron  plates  failing  by  buckling ;  but  this  can  only 
happen  in  an  ill-designed  ship ;  the  danger  is  easily  guarded 
against,  and  when  the  plating  is  stiffened  by  some  simple 
frame  or  girder,  it  will  compare  most  favourably  with  wood 
in  its  resistance  to  compressive  strains.  A  remarkable  illus- 
tration of  failure  in  an  iron  ship,  by  the  buckling  of  her 
thin  plating  under  compressive  strains,  is  found  in  the  steam- 
ship Mary  (mentioned  at  page  312).  Mr.  John  has  care- 
fully investigated  the  case,  and  has  favoured  us  with  the 
particulars  of  his  calculations.  From  these  it  appears  that 
the  topside  and  deck  plating  were  not  sufficiently  stiffened 
for  the  voyage,  and  consequently  buckled  when  the  ship 
was  astride  the  wave  hollows,  their  failure  bringing  upon 
the  more  rigid  parts  of  the  upper  works  an  excessive  strain, 
which  caused  the  ship  to  break  nearly  amidships.* 

Bespecting  the  third  class  of  strains,  those  due  to  bending 
moments,  it  is  only  necessary  to  add  a  few  words.  When  a 
bent  beam  fails,  fracture,  as  already  explained,  usually  begins 
either  at  the  upper  or  lower  surfaces.  If  one  of  these  surfaces 
is  stretched,  the  other  is  compressed,  and  vice  versa :  failore 
therefore  results  from  the  excessive  tensile  or  compressive 
strains  brought  upon  the  boimding  layers  of  material.  And 
for  our  purpose  it  will  be  sufficiently  near  the  truth  to 
assume  that  the  resistance  of  these  layers  in  the  bent  beam 
is  very  nearly  equal  to  the  resistances  to  direct  tension  or 
compression  previously  stated.  It  is  undoubtedly  a  fact 
that  in  solid  beams,  like  those  of  wood,  of  rectangular 
cr6ss-section,  the  intimate  connection  of  the  parts  with  one 
another  does  somewhat  affect  the  resistance  of  the  bounding 


*  Mr.   John's  able  and   interesting^  investigation   will   appear   in   the 
Transactions  of  the  Institution  of  Naval  Architects  for  1877. 
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layers.    For  example.  Professor  Bankine  giyes  the  following 
values : — 


Timbers. 

Strengths  in  Pounds  per  Square  Inch. 

Tensile. 

Compressive.       Breaking. 

Dantzic  oak 

Jamaica  mahogany  . 
Pitch  pine 

12,780 
7, '800 

7,720 
8,800 

•  • 

8,740 

16,600 

9,800 

Such  considerable  differences  are,  however,  the  exceptions 
rather  than  the  rule,  and  do  not  appear  in  the  timbers  most 
used. 

With  the  flanged  forms  obtainable  in  wrought-iron  beams, 
similar  variations  are  not  likely  to  occur,  and  there  is  no 
sensible  error  in  assuming  that  the  ultimate  resistances  of 
the  flanges  correspond  to  the  tensile  and  compressive 
strengths  obtained  by  direct  pull  or  thrust. 

A  few  examples  of  the  great  variety  of  forms  in  which  iron 
beams  are  made  will  be  found  in  Fig.  116.  It  is  unnecessary 

FIG  116. 


a,  T-iron. 
h,  angle-bulb. 

c,  Z-iron. 

d,  H-iron. 
«,  T-bulb. 


Beferenees. 

/,  bulb-plate  with  angle- 
irons. 
g,  made-beam. 
h,  box-beam. 


to  repeat  what  has  already  been  said  as  to  the  increased 
strength  to  resist  bending  obtained  by  using  these  flanged 
forms,  instead  of  the  solid  rectangular  sections  which  are 

2  c 
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unayoidable  with  wood.*  Bnt  it  may  be  proper  to  menticm 
that  this  essential  difference  between  wood  and  iron  affects 
the  relative  efficiencies  not  merely  of  deck  beams,  but  also 
of  ribsy  longitudinal  frames  or  strengtheners,  pillars,  and 
many  other  parts  of  the  structure  of  a  ship. 

The  simple  angle-iron  is  sometimes  used  as  a  beam ;  its 
form  may  be  seen  from  the  sections/,  g^  h,  in  Fig.  116,  and 
differs  from  the  T-iron  in  haying  a  top  flange  on  one  side 
only  of  the  vertical  web.    Neither  the  angle  nor  the  T  form 
is  well  adapted  for  resisting  bending  strains,  because  of  the 
absence  of  a  bottom  flange.     The  angle-bulb  (b)  is  a  great 
improvement  in  this  respect,  and  is  used  for  light  decks  or 
platforms.     Z-iron  (c)  is  used  for  frames  behind  armour  in 
ironclads,  and  for  longitudinal  stiffeners,  but  not  often  for 
beams.     H-iron  (d)  is  expensive,  and  is  not  used  so  much 
as  the  made-beam  (g)  of  similar  cross-section-     Not  unfre- 
quently,  instead  of  having  double  angle-irons  on  the  upper 
edge  of  the  made-beams,  to  a  deck  covered  with  iron  or  steel 
plating,  only  single  angle-irons  are  worked,  a  portion  of  the 
deck  plating  above  the  beam  then  forming  the  upper  flange. 
Sections  e  and/  may  be  regarded  as  interchangeable :  the 
latter  was  formerly  much  in  use,  but  since  the  iron  manu- 
facturers have  made  such  advances  as  to  be  able  to  produce 
the  section  e  with  ease,  and  at  moderate  cost,  the  shipbuilder 
naturally  prefers  to  obtain  the  finished  form.     The  box-beam 
h  is  only  used  where  exceptional  strength  is  required,  to 
support  some  concentrated  load,  or  to  furnish  a  very  strong 
tie.     Of  the  other  sections  sometimes  used  it  is  needless 
to   speak;    they   all,   or  nearly    all,   exhibit   the    general 
characteristic   of    top   and   bottom   flanges  or  bulbs    con- 
nected  by   a   thin   vertical    web.      Even    for   the   largest 
ships,  beams  of  these  sections  are  now  procurable  in  one 
length,   which   is   another  great    advantage    as    compared 
with  the  two-piece  or  three-piece  wood  beams  required  in 
large  ships. 

♦  Se(;  iwj;e  357  as  to  beams ;  also  page  353  as  to  ribs. 
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A  practical  mley  not  pretending  to  exactness^  for 
comparing  the  strengths  of  beams  may  have  some  interest. 
For  the  flanged  iron  beams  such  as  are  generally  used  in 
ships,  the  ultimate  breaking  strengths  of  any  cross-section 
may  be  expressed  approximately  by  the  formula 

Breaking  strength  =  20  tons  x  sectional  area  x  — \ — . 

The  areas  of  the  flanges  being  expressed  in  sqwire  inches,  and 
the  depth  in  inches,  the  breaking  strength  will  represent  a 
moment  in  inch-tons.  For  example,  take  a  beam  of  section 
d.  Fig.  116,  suppose  it  12  inches  deep,  and  its  top  and 
bottom  flanges  to  be  each  6  inches  wide,  the  web  and  flanges 
being  J  inch  thick.    Then,  approximately, 

Breaking  strength  =  20  tons  x  (12+6+6)  J  x  J  X  12 

=  960  inch-tons. 

For  a  solid  wood  beam  of  rectangular  cross-section  the 
approximate  rule  for  teak  or  oak  would  be. 

Breaking  strength  =  3  tons  x  sectional  area  x  — ^ — . 

The  weight  of  the  iron  beam  taken  as  our  example  would 
be  about  40  lbs.  per  foot  of  length,  the  sectional  area  of 
a  teak  beam  of  equal  weight  would  be  about  120  square 
inches :  suppose  it  to  be  12  inches  deep  by  10  inches  broad. 
Then 

Breaking  strength  (approximate)  =  3  tons  x  120  x  ^ 

=  720  inch-tons. 

As  regards  ultimate  strength,  the  iron  beam  is  therefore 
one-third  stronger  than  the  wood  beam  of  equal  weight. 
But  here  the  necessity  for  taking  account  of  working 
strengths  as  well  as  breaking  strengths  must  be  remembered. 
The  comparatively  large  factors  of  safety  required  with 
timber  increases  the  adyantage  of  iron,  even  when  each 
beam  is  in  a  single  piece.  The  scarphs  of  the  wood  beam 
further  detract  from  its  strength  in  wake  of  them.    And, 

2  0  2 
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moreover,  it  must  not  be  orerlooked  that,  whfle  the  strength 
of  the  iron  (20  tons  per  sqnare  inch)  may  be  safely  looked 
for,  the  strength  of  the  wood  may  vary  oyer  a  very  extensive 
range. 

Potting  the  working  strengths  instead  of  the  breaking 
strengths,  the  case  stands  approximately  as  foUows : 

Working  strength  of  iron  beam  = 

4  tons  X  sectional  area  x  — ^q~"- 

o 

Working  strength  of  wood  beam  = 

-^Q  ton  X  sectional  area  x  — ^  . 

Weight  of  timber  (per  cubic  foot)  =  (say)  ^  weight  of  iron. 

Sectional  area  of  timber  beam  =  10  times  sectional  area 
.    of  iron  beam  of  equal  weight. 

Hence,  finally,' for  equal  weights  and  eqwd  depQis^ 

Working  strength  of  iron  beam  __4xlxJ  _o« 
Working  strength  of  wood  beam  ""-f\y  X  10  x  j"    *' 

which  represents  a  very  considerable  gain  in  favonr  of  iron. 
Besides  being  procorable  in  single  pieces  of  a  flanged 
form,  iron  plates  and  bars  can  be  combined  readily  to 
produce  that  form  ;  on  the  other  hand,  wood  must  be  used 
in  rectangular  or,  at  least,  solid  timbers,  and  cannot  readily 
have  many  pieces  combined  into  a  flanged  form.  Examples 
of  this  difierence  have  already  been  given.  Refer,  for  in- 
stance, to  the  contrast  between  the  solid  timber  ribs  spaced 
closely  in  the  wood  ship  (see  Fig.  102,  page  322)  and 
the  flanged  transverse  frames  with  the  adjoining  segments 
of  plating  in  the  iron  ship  (Fig.  103,  page  324).  As 
another  contrast,  compare  the  strong  longitudinal  frames 
or  girders,  to  which  the  adjacent  parts  of  the  inner  and 
outer  skins  form  flanges  in  the  ironclad  ship  (Fig.  104, 
page  331),  with  the  solid  binding  strakes  or  keelsons  of  a 
wood  ship.  Many  other  illustrations  of  the  facility  with 
which  iron  can  be  thrown  into  the  form  best  adapted  for 
resisting  bending   strains   will  present  themselves   to  the 
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student  interested  in  the  detailed  stnictural  arrangements : 
but  we  cannot  now  enlarge  upon  this  important  feature. 
Nor  need  we  do  more  than  recall  attention  to  the  fact  that 
when  the  ship,  as  a  whole,  is  treated  as  a  girder  resisting 
longitudinal  bending  moments,  the  component  parts  of  the 
flanges  in  that  girder  are  mainly  exposed  to  tensile  and 
compressiye  strains,  in  resisting  which  iron  gains  upon  wood 
in  the  manner  explained  above;  the  web  of  the  girder  is 
simultaneously  subjected  to  racking  or  distorting  strains, 
against  which  the  superior  edge  connections  in  an  iron  ship 
make  the  skin  greatly  more  efficient  than  the  skin  of  a 
wood  ship. 

From  this  brief  sketch  it  will  be  understood  why  iron 
ships  are  lighter  in  proportion  to  their  strength  than  wood 
ships  of  the  same  form  and  dimensions;  as  also  why  it 
is  possible  with  iron  to  construct  ships  of  sizes,  proportions, 
and  speeds  unattainable  with  wood.  It  is,  of  course,  possible 
by  ill-considered  structural  arrangements  to  throw  away 
much  of  the  advantage  that  may  be  gained  by  using  iron 
hulls.  Bad  combinations,  improper  distribution  of  the 
material,  imperfect  fastenings,  and  other  faults  may  lead  to 
the  production  of  weak,  yet  heavy^  iron  ships.  It  has  been 
shown  in  the  preceding  pages  that  even  now,  in  the  magni- 
ficent iron  ocean  steamships  which  lie  so  far  beyond  the 
possibilities  of  wood  construction,  all  has  not  been  done  that 
might  be  accomplished  towards  associating  lightness  with 
strength.  This  statement,  however,  ia  only  tantamoimt  to 
an  assertion  that  the  capabilities  of  iron  as  a  shipbuilding 
material  have  not  yet  been  fully  developed  in  the  mercan- 
tile marine;  and  in  support  of  this  view  we  can  refer  to 
the  remarkable  results  attained  in  the  armoured  ships 
of  the  Royal  Navy,  or  the  still  more  notable  case  of  the 
Qreai  Eastern. 

Next,  as  to  the  comparative  durability  of  iron  and  wood 
ships.  For  some  years  after  the  introduction  of  iron  ships 
this  was  a  matter  of  dispute,  but  lengthened  experience 
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has  settled  it  definitively  in  favour  of  iron.  Ships  properly 
constructed  of  that  material,  and  properly  treated  during  their 
service,  suffer  but  little  deterioration  during  long  periods. 
Wood  ships,  on  the  contrary,  even  when  constructed 
of  well-selected  and  seasoned  timber,  and  carefully  used, 
are,  as  a  rule,  subject  to  comparatively  rapid  decay.  Many 
examples  may  undoubtedly  be  found  of  great  durability  in 
wood  ships,  but  these  are  exceptional  cases ;  and,  moreover, 
their  occurrence  has  not  put  within  the  power  of  shipbuilders 
any  means  by  which  similar  durability  can  be  secured  in 
other  wood-built  ships.  For  instance,  the  Sovereign  of  the 
Seas,  built  at  Woolwich  in  1635,  is  said  to  have  been  pulled 
to  pieces  forty-seven  years  later,  the  greater  part  of  the 
materials  having  been  found  in  such  good  condition  as  to  be 
used  in  rebuilding  her.  Still  more  notable  is  the  case  of  the 
Boyal  William,  built  about  1715,  which  remained  on  service 
for  ninety-four  years  with  only  three  slight  repairs.  Both 
these  vessels  were  built  of  oak  felled  in  the  winter,  and  much 
importance  was  attached  to  this  circumstance;  but  later 
experience  in  the  Hawke  sloop,  built  in  1793,  threw  some 
doubt  upon  the  previous  conclusion,  the  vessel  having  Mien 
into  such  a  state  of  decay  in  ten  years  that  she  was  taken  to 
pieces.* 

The  very  numerous  schemes  for  preventing  dry-rot  and 
other  kinds  of  decay  in  timber,  which  were  proposed  and 
tried  prior  to  the  introduction  of  iron  ships,  afford  ample 
evidence  that  these  cases  of  long-continued  service  were  not 
common.  These  processes  are  now  matters  of  history  only, 
and  will  not  be  discussed  ;  but  there  appears  reason  to  believe 
that,  on  the  whole,  the  best  results,  as  to  durability,  were 
obtained  with  ships  built  of  well-selected  materials,  which 
•  were  allowed  to  season  naturally,  prior  to  being  used  in  the 
ship,  and  after  she  was  in  frame.f    This  last-named  condition 


*  See    the     remarks     of     Mr.      a7id  Timber  Trees, 
Ambrose  Bowden,  quoted  by  Mr.  f  It  may  be  interesting  to  mention 

Laslett  at  pages  68-70  of  Timber      that  Lloyd's  rules  for  wood  merchant 
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of  course  involved  slow  progress  with  the  construction  of  any 
ship,  and  was  scarcely  likely  to  have  been  fulfilled  in  the 
mercantile  marine  at  any  period ;  but  in  the  Royal  Navy,  in 
the  earlier  half  of  the  present  century,  it  was  frequently 
fulfilled,  and  some  of  the  ships  then  built  proved  very 
durable. 

With  such  varying  conditions — depending  upon  the 
selection  of  the  timber,  the  circumstances  of  its  growth,  the 
season  when  it  was  felled,  the  processes  of  seasoning,  pre- 
servation, &c. — it  will  be  readily  understood  that  it  is  not  an 
easy  matter  to  assign  the  average  durability  of  wood  ships. 
Probably  experience  with  ships  of  the  Royal  Navy  prior  to 
the  general  introduction  of  steam  propulsion  or  the  use  of 
iron  furnishes  the  best  data  for  forming  a  just  estimate ;  for 
the  subsequent  changes  in  materiel^  from  sailing  to  un- 
armoured  steam  ships,  from  these  again  to  ironclads,  and 
from  wood  hulls  to  iron,  have  all  tended  to  introduce  other 
conditions  than  those  of  fair  wear  and  tear  into  the  cessation 
of  the  service  of  wood-built  ships.  In  1841  Mr.  Chatfield 
read  a  paper  before  the  British  Association,  at  Plymouth,  in 
which  he  stated,  as  the  result  of  careful  examination,  that 
thirteen  years  was  the  average  time  during  which  wood- 
built  war  ships  remained  eflScient  when  employed  on  active 
service,  and  receiving  ordinary  repairs  at  intervals.  Experi- 
ence in  the  French  navy  points  to  a  very  similar  term  of 
service  for  wood  ships.  Moreover,  the  Rules  for  Wood  Ships 
issued  by  the  Committee  of  Lloyd's  Register,  and  guiding 
the  construction  of  by  far  the  greater  number  of  wood 
merchant  ships,  allow  from  twelve  to  fourteen  years  as  the 
average  period  of  durability  to  be  assigned  to  the  best  de- 
scriptions of  shipbuilding  timber  when  properly  seasoned 
and  free  from  defects.  Less  satisfactory  materials,  used  in  sub- 
ordinate parts  of  ships,  or  in  vessels  of  inferior  classes,  have 


ships  strongly  recommend  the  prac-      of    classification    to    vessels    thus 
tice  of  "  salting  "  the  timbers,  beams,      treated. 
&c. ;  and  allow  an  additional  year 
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considerably  shorter  periods  assigned,  ranging  so  low  as  from 
four  to  six  years. 

Under  the  most  favourable  conditions,  therefore,  the 
average  durability  on  active  service  of  well-built  wood 
ships,  fairly  used  and  kept  in  good  repair,  may  be  taken 
at  from  twelve  to  sixteen  years.  It  has  been  shown 
that  in  some  cases  much  greater  durability  has  been 
obtained;  and,  on  the  other  hand,  many  instances  might 
be  cited  where  vessels  hastily  constructed  of  unseasoned  or 
unsuitable  timber  have  fallen  into  decay  in  half,  or  less 
than  half,  the  average  time  of  service  named.  It  is,  of  course, 
understood  that  the  period  of  service  is  considered  to  expire 
when  the  cost  of  the  repairs  would  be  so  heavy,  if  they  were 
thorough,  as  to  make  it  more  economical  to  replace  the  worn 
ship  by  a  new  one.  In  the  United  States  navy,  for  example, 
many  wood  vessels,  built  with  the  greatest  possible  rapidity 
during  the  Civil  War,  have  been  condenmed  after  only  six  or 
eight  years  of  service ;  while  others,  on  which  work  has  been 
suspended,  have  actually  rotted  on  the  stocks,*  and  will 
probably  never  be  completed.  The  hurried  construction, 
and  use  of  any  materials  that  could  be  procured,  were 
undoubtedly  the  chief  cause  of  the  rapid  decay ;  and  on  the 
other  side  of  the  picture  maybe  placed  the  durability  of  the 
earlier  screw  frigates  of  the  American  Navy,  which  remained 
eflBcient  for  periods  exceeding  the  average  given  above. 
Very  similar  results  followed  the  hurried  construction  of 
the  gunboats  built  for  the  Royal  Navy  during  the  Crimean 
War ;  they  speedily  fell  out  of  service. 

Becent  experience  with  the  wood  ships  of  the  Royal  Navy 
may  be  quoted  in  support  of  the  views  expressed.!  Taking  the 
unarmoured  wood  ships,  from  frigates  downwards,  it  appears 
that  after  ten  to  fifteen  years  of  service  they  have  reached 
such  a  condition  as  to  render  it  impolitic  to  repair  them. 


*  Sec  published  reports  of  the      297)  of  1876,  of  Vessels  Launched, 
Seoretary  of  the  Navy.  Broken  up,  Sold,  &c.,  from  1865. 

t  See  Parliamentary  Paper  (No. 
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Special  requirements  have  kept  a  few  such  vessels  on  service 
for  longer  periods ;  but  no  injustice  is  done  to  the  class  in 
fixing  sixteen  years  as  the  general  upper  limit  of  durability 
for  sea-going  wood  ships. 

Ironclad  wood-built  ships  are  no  longer-lived ;  in  fact 
the  conditions  in  these  ships  are,  on  the  whole,  less  favourable 
to  durability  than  they  are  in  unarmoured  ships.  Nearly  all 
the  converted  ironclads  of  the  Koyal  Navy  {Caledonia  class) 
dating  from  1861,  but  not  actually  on  service  until  two  or  three 
years  later,  are  now  either  on  the  Harbour  Service  List  or 
else  in  such  a  condition  as  to  render  their  repair  inexpedient. 
So  also  is  the  Lord  Clyde,  which  is  about  two  years  younger. 
In  the  French  navy,  also,  very  similar  steps  have  been  taken, 
the  earlier  wood-built  ironclads  having  been  struck  oflF  the 
effective  list.  The  Italian  navy  furnishes  still  further 
examples,  and  so  does  the  Austrian ;  but  it  is  unnecessary  to 
multiply  illustrations  of  the  comparatively  speedy  decay  of 
wood  ships.  Even  when  all  possible  care  has  been  taken  in 
their  construction,  hidden  sources  of  decay  may  exist  in  the 
structure,  and  sooner  or  later  produce  serious  results.  No 
certain  length  of  service  can  be  guaranteed  under  these  con- 
ditions to  any  wood  ship  ;  and  not  imfrequently  it  happens 
that,  in  the  examination  of  some  apparently  trifling  defect, 
the  discovery  is  made  of  much  more  serious  and  unsuspected 
decay,  leading  in  some  cases  to  the  condenmation  of  the  ship 
as  unfit  for  further  service.  With  iron  ships  the  conditions 
are  quite  different,  as  we  will  now  proceed  to  show. 

Iron  is  not  subject  to  those  internal  sources  of  decay  to 
which  timber  is  liable :  nor  is  it  subject  to  the  attacks  of 
worms  or  marine  animals  which  can  penetrate  the  compara- 
tively soft  planking ;  nor  is  it  liable  to  rot  in  consequence 
of  imperfect  ventilation  or  other  causes.  Moreover,  in  a 
well-built  iron  ship  there  ought  not  to  be  any  sensible  work- 
ing ;  whereas  in  wood  ships,  however  carefully  constructed, 
the  connections  and  fastenings  must,  as  we  have  shown,  be 
less  satisfactory ;  the  entire  prevention  of  working  is  prac- 
tically impossible,  and  in  such  working  is  foiqid  a  fruitful 
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source  of  weakness  or  decay.  Corrosion  or  rusting  of  the 
surfaces  is  the  special  danger  requiring  to  be  carefully  guarded 
against  in  iron  ships ;  and  it  is  by  no  means  insignificant  in 
its  character.  Both  outside  and  inside,  an  iron  ship  is  con- 
stantly exposed  to  conditions  tending  to  promote  oorrosiTe 
action.  The  aboye- water  parts  of  the  hull  are  the  least  likely 
to  suffer ;  but  even  these,  on  the  outside,  haye  to  resist  the 
effects  of  air,  water,  and  weather,  and  in  the  inside  are  ex- 
posed to  changes  of  temperature,  the  condensation  of  Tapoor, 
and  other  circumstances  productive  of  rust,  if  left  unchecked. 
The  under-water  parts  of  the  hull  are  much  less  favou^bly 
situated.  Outside,  the  bottom  plating  is  immersed  in 
corrosiye  sea-water;  and  inside,  the  plating,  frames,  &c. 
are  to  some  extent  exposed  to  bilge-water,  often  yery 
corrosive  in  its  character,  to  the  chemical  action  of  coal 
or  other  substances  carried  in  the  hold  as  cargo,  and  not 
unfrequently  to  galvanic  action  produced  by  metallic  con- 
nection with  pipes,  &c.,  of  copper,  brass,  or  lead,  immersed 
in  the  same  bilge-water  as  the  iron.  Moreover,  in  steamers 
there  are  the  great  alternations  of  temperature  in  the  parts 
adjacent  to  the  boilers  and  engine-room,  the  condensation  of 
steam  upon  the  surfaces  of  the  iron,  and  the  production  of 
gases  more  or  less  effective  in  aiding  corrosion.  Adding  to 
these  extraneous  causes  the  generally  admitted  isdA  that  in 
iron,  such  as  is  used  for  shipbuilding,  the  want  of  homogeneity 
in  the  various  parts  of  the  same  plate  or  bar  may  cause 
corrosion  to  begin,  or  accelerate  its  progress ;  and  that  when 
rust  has  once  formed  it  tends  to  propagate  itself^  eating 
deeper  and  deeper  into  the  iron  affected,  it  will  be  evident 
that  watchfulness  and  precaution  are  needed  to  insure  the  pre- 
servation of  iron  ships.  Their  durability,  in  short,  is  not  a 
result  to  be  assumed  as  an  intrinsic  quality  ;  but  they  differ 
from  wood  ships  in  this  important  feature : — with  care  and 
proper  treatment  they  can,  at  moderate  expense,  be  main- 
tained in  a  sound  and  efficient  state  for  very  many  years ; 
whereas  wood  ships  cannot  be  so  maintained  without  an 
unwise  outlay.    The  causes  of  decay  in  the  iron  ship  lie  upon 
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the  surface,  and  are  to  a  great  degree  preventible :  those  in 
the  wood  ship  are  deep-seated,  diflScult  to  discover,  and 
practically  incurable  in  the  parts  attacked.  A  corroded  plate 
or  bar  can  be  scraped  free  from  rust,  cleaned  and  painted ; 
and  if  corrosion  has  not  proceeded  far  before  such  measures 
are  taken,  it  is  little  or  nothing  the  worse.  On  the  contrary, 
a  rotten  timber  or  plank  must  be  wholly  or  partially  removed, 
often  with  very  considerable  diflBculty.  Neglect  of  preser- 
vative measures,  of  course,  leads  to  the  rapid  decay  of  both 
iron  and  wood  ships ;  but  when  the  best  is  done  for  both, 
iron  proves  immensely  more  durable  than  wood. 

General  experience  in  mercantile  and  war  fleets  places  this 
fact  beyond  dispute ;  but  it  does  not  yet  enable  one  to  fix 
an  average  of  durability  for  iron  ships,  properly  treated, 
corresponding  to  the  average  previously  stated  for  wood  ships. 
This  is  due,  in  part,  to  the  comparatively  short  time  that  iron 
ships  have  been  in  general  use :  forty  years  or  so,  when  con- 
trasted with  the  lifetime  of  some  existing  iron  ships,  being  a 
period  too  short  to  give  data  for  fixing  an  average.  Besides, 
it  must  be  remembered  that  experience  was  necessary 
in  order  to  determine  what  measures  were  best  adapted  to 
preserve  iron  ships,  and  what  methods  of  construction  most 
favoured  such  preservation.  Even  at  the  present  time  opinions 
on  these  matters  are  by  no  means  unanimous.  But  certain 
points  are  settled  which,  at  the  outset,  were  uncertain,  and 
in  all  probability  the  durability  of  ships  built  on  these  later 
methods — favouring  the  accessibility  for  inspection  of  all 
parts  of  the  hull,  and  the  isolation  of  the  outer  skin  from  many 
causes  of  corrosion  by  means  of  a  double  bottom — will  prove 
greater  than  the  durability  of  ships  of  earlier  types.  Hence 
the  determination  of  the  average  durability  of  iron  ships 
must  be  postponed  to  a  later  date. 

Many  of  these  early  iron  ships,  however,  proved  very 
durable.  Mr.  Grantham  records  that  the  Aaron  Manby,  the 
first  iron  steam-vessel,  built  in  1821,  lasted  thirty-four  years; 
the  Garry  Owen  and  Euphrates,  river  steamers,  were  in  good 
order  after  twenty-four  years'  service ;    the  Nemesh  and 
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Phlegethon,  the  earliest  iron  war-ships  built  for  the  East 
India  Company  in  1839,  were  still  at  work  twenty  years  after ; 
and  many  other  similar  cases  are  kno¥m. 

Turning  to  existing  iron  ships,  no  less  notable  results  may 
be  stated;  but  only  a  few  can  be  given.  The  ChrecU 
Britain^  merchant  steamer,  was  built  in  1840,  but  is  still 
afloat,  and  said  to  be  strong  and  sound.  In  the  Royal 
Navy  the  troopship  Simoom  is  twenty- seven  years  old,  but 
is  still  on  active  service.  The  Himalaya  won  golden  opinions 
during  the  Crimean  War,  has  been  almost  continuously  em- 
ployed since,  and  is  quite  as  popular  now  as  she  was  twenty 
years  ago.  The  Warrior  and  other  iron-built  ironclads, 
dating  from  1859-61,  are  yet  strong  and  sound ;  whereas 
their  wood-built  contemporaries  in  the  French  and  British 
navies  have  fallen  into  decay.*  In  the  navy  of  the  United 
States  very  similar  experience  has  been  obtained.  The  iron- 
hulled  monitors  which  were  on  service  during  the  Civil  War 
remain  on  the  effective  list ;  but  the  wood-built  monitors  of 
later  date  have  fallen  into  decay,  and  are  being  replaced  by 
iron.  Curiously  enough,  in  some  of  these  iron  vessels  wood 
beams  were  used,  in  consequence  of  the  difiSculty  of  procuring 
iron  beams ;  and  thus  a  very  good  illustration  has  been  given 
of  the  comparative  durability  of  wood  and  iron.  The  wood 
beams  decayed  after  eight  or  ten  years,  and  were  then  re- 
placed, at  considerable  cost,  by  iron  beams ;  the  iron  hulls 
meanwhile,  although  much  neglected  for  a  time,  are  said 
to  have  suffered  no  serious  loss  of  efficiency. 

Durability,  in  the  sense  we  have  used  the  term,  is  deter- 
mined by  the  period  which  elapses  before  repairs  become  too 
expensive  to  be  undertaken.     Repairs  to  an  iron  ship  are  not 


♦  Not    unfrequently    the    great  built ;  whereas  in  the  French  navy, 

advantage  possessed  by  the  British  until  very  recently,  comparatively 

ironclad  fleet  over  that  of   France  few  ships  were  built  of  iron,  and 

and  other  nations,  in  being  mainly  this  is  the  only  navy  which  in  point 

iron-built,  and  therefore  very  dur-  of  numbers  can  at  all  compare  with 

able,  is  overlooked.    Quite  three-  our  own. 
fourths  of  our  ironclads  arc  iron- 
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nearly  so  difficult  or  expensive  as  in  a  wood  ship ;  and  there- 
fore the  limit  of  economical  employment  would  not  be  so 
soon  reached  in  the  iron  ship  as  in  the  wood,  apart  from  the 
less  rapid  decay.  On  the  other  hand,  the  comparative  thin- 
ness of  the  skin  of  an  iron  ship  makes  even  a  small  loss  of 
thickness  important ;  and,  what  is  perhaps  of  greater  import- 
ance, corrosion  is  not  uniform  nor  regular  in  its  character 
over  the  whole  surface  of  the  bottom,  but  often  becomes 
localised,  "  pitting  "  the  iron  plates  in  places.  The  rate  of 
corrosion  depends  upon  so  many  and  such  varying  conditions 
that  no  general  law  can  be  assigned.  For  example,  the  same 
ship  exposed  to  the  action  of  diflferently  constituted  sea- 
waters  will  be  corroded  at  different  rates.  The  existence  of 
galvanic  action  also  rapidly  accelerates  and  localises  corrosion ; 
and  two  plates  or  bars  of  iron  apparently  similar  in  quality 
are  often  found  to  be  very  differently  affected  by  corrosion, 
as  are  also  different  parts  of  the  same  plate  or  bar.  It  lies 
outside  our  present  purpose  to  attempt  any  discussion  of  this 
subject  beyond  what  has  been  done,  but  obviously  the  prac- 
tical deduction  to  be  drawn  from  this  want  of  regularity  in 
the  rate  of  corrosion  of  iron  ships  is  simply  this : — to  prevent 
serious  corrosion,  careful  and  frequent  inspections  are 
necessary  of  all  parts  of  the  hull,  particularly  of  those  situated 
below  the  water-line.  Experience  confirms  the  view  that 
where  such  inspecticms  are  made,  and  the  surfaces  of  the  iron 
are  kept  protected  by  paint,  varnish,  or  cement,  the  rate  of 
corrosion  may  be  made  very  slow.  This  broad  general 
deduction  is  far  more  important  than  the  deductions  made 
from  laboratory  experiments  on  the  loss  of  iron  by  corrosion 
under  various  conditions,  although  these  experiments  have 
a  certain  value.* 


*  Probably  the  best  summary  of  of  the  conclusions  from  those  ex- 
such  experiments  yet  published  is  periments  stated  by  Mr.  Mallet 
contained  in  a  paper  contributed  appear,  however,  scarcely  consonant 
by  Mr.  R.  Mallet,  F.R.S.,  to  the  with  the  results  of  experience  with 
Transaction  of  the  Institution  of  iron  ships. 
Naval  Architects  for  1872.    Some 
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The  outer  bottom  plating  of  an  iron  ship,  liable  as  it  is  to 
corrosion  on  both  surfEiceSy  famishes  one  of  the  best  tests  of 
the  possibility  of  lessening  corrosion  by  the  means  just 
mentioned.  In  the  ships  of  the  Royal  Nayy,  when  under- 
going thorough  repair,  it  is  usual,  after  they  attain  a  certain 
age,  to  ascertain  the  decrease  in  thickness  of  the  plating  by 
careful  drilling  and  measurement.  When  thus  treated  a  few 
years  ago,  it  was  found  that  the  Simaomy  then  oyer  twenty 
years  old,  required  only  a  small  number  of  new  plates  in  her 
bottom,  by  far  the  larger  number  of  the  plates  having  main- 
tained sufficient  thickness  to  be  safely  trusted  for  farther 
service.  It  is  also  worthy  of  mention  that  as  yet  not  a  single 
bottom  plate  in  any  of  the  iron-built  ironclads  of  the  Navy 
has  had  to  be  renewed  in  consequence  of  corrosion,  although 
some  of  these  vessels  have  been  afloat  fifteen  years.  Lloyd's 
Rules,  the  highest  authority  that  can  be  quoted  for  merchant 
ships,  being  based  upon  a  very  large  range  of  experience,  fully 
recognise  the  slow  progress  of  corrosion  in  iron  ships  properly 
treated.  Therein  it  is  provided  that,  when  an  iron  vessel  is 
twelve  years  old,  she  is  to  be  thoroughly  surveyed,  and  all 
rust  removed,  the  thickness  of  her  plating  being  ascertained 
by  drilling :  where  the  loss  in  thickness  exceeds  one-fowrth 
of  the  original  thickness,  new  plates  are  to  be  fitted.  Surveys 
made  at  intermediate  periods  are  trusted  to  discover  any 
local  wearing  or  pitting,  and  it  is  not  until  another  twelve 
years  have  elapsed  that  another  searching  investigation  is 
required.  No  absolute  limit  is  placed  upon  the  period  of 
service,  the  Rules  providing  that  vessels  will  be  classed 
"  so  long  as  on  careful  annual  and  periodical  special  surveys 
"  they  are  found  to  be  in  a  fit  and  efficient  condition  to  carry 
"  dry  and  perishable  cargoes  to  all  parts  of  the  world." 

Laboratory  experiments  upon  the  loss  of  thickness  in  iron 
plates  subjected  to  the  action  of  sea-water  do  not  furnish 
trustworthy  data  from  which  to  compute  the  durability  of  the 
bottoms  of  iron  ships ;  and  this  for  two  reasons.  The  actual 
conditions  of  service  in  a  ship  cannot  be  represented,  nor  can 
all  the  variations  in  quality  of  the  iron  be  tried.    To  state  the 
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mewa  loss  in  thickness  for  a  certain  period,  as  already 
remarked,  is  very  misleading,  since  local  wear  or  "pitting" 
takes  place,  and  may  penetrate  deeply  into  a  small  portion 
of  a  plate  of  which  the  general  surface  is  but  little  worn. 
In  iron  vessels  of  considerable  age  it  is  not  uncommon  to 
find  local  patches  of  corrosion,  at  which  the  reduction  from 
the  original  thickness  of  plates  is  twice  or  thrice  as  great 
as  the  average  reduction.  Galvanic  action  exaggerates 
local  wearing :  if  a  copper  suction-pipe,  for  instance,  dips 
into  the  bilge-water  which  lies  upon  the  inner  surface  of  the 
bottom  plating,  and  this  pipe  and  the  plating  are  joined  by 
ever  so  circuitous  a  metallic  connection,  galvanic  action 
will  be  set  up  and  the  iron  plate  near  the  suction-pipe  will 
waste.  Cases  are  on  record  where  by  this  means  holes  have 
actually  been  worn  completely  through  the  bottom  of  an  iron 
ship,  which  in  other  respects  was  satisfactory  ;  *  but  this  kind 
of  action  is  wholly  preventible  when  proper  precautions  are 
taken.  Pitting  due  to  other  causes  is  not  wholly  preventible, 
but  it  may  be  much  lessened  by  careful  selection  of  the 
iron  plates  used  on  the  bottom,  and  by  careful  and  frequent 
inspection,  scraping,  and  painting  of  the  surfaces. 

To  show  how  limited  is  the  use  of  laboratory  experiments, 
one  example  may  be  given.  One  careful  experimenter 
(Mr.  Mallet)  estimated  from  his  experiments  that  the  mean 
loss  in  thickness  of  iron  plates  immersed  in  foul  sea-water 
was  rather  over  \  inch  (f^)  in  a  century :  two  other  care- 
ful investigators  (Dr.  Calvert  and  Mr.  Johnson)  reached 
the  conclusion  that  the  corresponding  loss  would  be  about 
I  inch  (xV^j)-  ^^®  mean  result  for  all  these  experiments 
would  therefore  be  -^^  inch  as  the  loss  of  thickness 
in  a  century ;  which  would  be  less  than  the  actual 
thickness  of  the  bottom  plating  of  a  large  number  of  iron 
ships.    As  a  matter  of  fact,  however,  many  cases  are  on 


♦  See,  for  example,  the    report      the  Royal  Commission  on  the  loss 
on  the  case  of  her  Majesty *s  ship      of  the  Megoera, 
Sttpply,  published  in  the  report  of 
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record  where,  without  pitting,  iron  plates  on  the  bottoms  of 
ships  have  worn  much  more  rapidly.  In  the  Megmray  for 
example,  when  fifteen  years  old,  many  plates  were  found  to 
have  become  reduced  \  inch  from  their  original  thickness ; 
and  if  this  rate  of  wear  had  been  maintained,  the  loss  in  a 
century  would  have  been  not  much  less  than  thrice  as  great 
as  that  given  by  the  laboratory  experiments.  It  is,  of 
course,  quite  conceivable  that  under  other  conditions  the 
wear  in  the  Megaera  might  have  agreed  with  the  laboratory 
experiments ;  but  neither  such  experiments  nor  actual 
results  on  ships  can  furnish  any  general  law  for  the  rate  of 
corrosion. 

The  Regulations  issued  by  the  Admiralty  for  the  pre- 
servation of  iron  ships  contain  the  best  summary  of  the 
precautions  necessary  for  that  purpose  with  which  we  are 
acquainted.  As  the  circulars  on  this  subject  are  generally 
accessible,  it  will  be  sufiScient  to  summarise  the  main 
points.  Galvanic  action  of  copper,  brass,  or  lead  upon 
the  iron  hull  is  to  be  prevented  by  hiaking  the  lower 
pieces  of  suction-pipes,  &c.,  which  are  immersed  in  the 
bilge-water,  of  iron  or  zinc  or  zincked  iron  wherever  that  is 
possible.  Where  copper  or  brass  pipes  are  unavoidable,  they 
are  to  be  well  painted  or  varnished  and  covered  with  canvas 
in  order  to  reduce  their  action  on  the  iron.  The  gun-metal 
screw-propellers  are  also  to  be  painted  for  the  same  reason, 
and  bands  of  zinc,  termed  "  protectors,"  are  to  be  fitted  near 
them,  in  order  to  concentrate  the  galvanic  action  of  the 
propellers  upon  the  protectors  and  save  the  bottom  plating : 
this  plan  has  answered  admirably.  In  order  to  preserve  the 
inner  surfaces  of  the  bottom  plating  below  the  bilge  from 
the  injurious  efiects  of  the  wash  of  corrosive  bilge-water 
from  side  to  side  as  the  ship  roUs,  cement  is  used,  and 
has  proved  of  great  advantage  to  both  merchant  and  war 
ships.  Other  surfaces  of  plates  and  bars  in  the  interior  are 
protected  by  suitable  paints  or  compositions.  All  parts  of 
the  hull  are  ordered  to  be  made  as  accessible  as  possible  for 
ii;ispection  and  repairs.     In  cases  where  parts  are  necessarily 
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inaccessible  under  ordinary  circumstances — such  as  under 
the  boilers  or  engines,  &c. — careful  records  are  to  be  kept  of 
them;  and  when  opportimity  oflFers,  as  during  a  thorough 
repair  at  a  dockyard,  all  such  parts  are  to  be  opened  up  and 
inspected.  When  a  ship  is  in  the  reserve  or  on  service,  all 
accessible  parts  are  to  be  inspected  once  a  quarter,  cleaned 
and  painted  when  necessary.  Annually  a  more  thorough 
survey  is  to  be  made,  by  dockyard  officers  when  possible ; 
and  then  the  only  parts  to  be  left  imvisited  are  those 
which  cannot  be  reached  without  great  difficulty — as,  for 
instance,  spaces  which  can  only  be  attained  by  lifting  the 
boilers  or  machinery.  The  use  of  double  bottoms  facilitates 
a  thorough  examination ;  especially  of  the  inner  surface  of 
the  outer  plating,  and  all  the  parts  of  the  inner  plating 
underneath  engines  and  boilers.  The  outer  surface  of  the 
bottom  plating  is  to  be  sighted  at  least  once  a  year ;  it  is 
protected  by  some  anti-corrosive  paint  or  composition,  and 
if  the  annual  examination  shows  it  to  be  necessary,  this 
protective  material  is  renewed. 

Such  are  the  main  points  in  the  Admiralty  Regulations. 
Conformity  to  them  must  prevent  any  serious  corrosion 
taking  place :  for  rusting  ought  to  be  detected  in  its 
earlier  stages,  and  the  surfaces,  being  frequently  cleaned 
and  coated,  ought  not  to  suflFer  greatly.  The  system  has 
now  been  in  force  for  some  years,  and  has  worked  most 
satisfactorily.  In  a  modified  form  it  is  applied  also  to  the 
preservation  of  the  ironwork  in  the  composite  ships  of  the 
Royal  Navy. 

Thirdly,  iron  ships  gain  upon  wood  in  being  more  easily 
and  cheaply  built  and  repaired.  Upon  this  division  of  the 
subject  but  few  remarks  will  be  necessary,  although  it  has 
great  practical  importance. 

Timber  is  only  obtainable  by  the  shipbuilder  in  pieces-  of 
which  the  forms  and  dimensions  are  limited  by  causes 
beyond  his  control ;  and  the  greatest  care  has  to  be  bestowed 
upon  the  "  conversion "  of  the  logs,  in  order  to  get  out  of 

2  D 
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them  the  best  possible  finished  timbers.  For  some  parts  of 
a  ship  where  the  curvature  is  considerable — as,  for  instance, 
the  ribs — it  is  not  unfrequently  a  matter  of  diflSculty  to 
procure  suitable  timber.  Even  when  a  good  choice  has  been 
possible,  considerable  labour  and  skill  have  to  be  expended 
on  fashioning  the  pieces ;  and  we  have  shown  how  difficult 
it  often  is  to  efibct  a  good  combination  of  piece  with  piece. 
Manual  labour  is,  moreover,  almost  a  necessity  in  the  greater 
part  of  the  work  of  building  a  wood  ship. 

Iron,  on  the  contrary,  is  obtainable  by  the  builder  from 
the  manufacturer  almost  of  the  sizes  and  forms  required, 
the  dimensions  of  the  pieces  and  their  sectional  forms  being 
limited  only  by  the  powers  of  the  manufacturer,  which 
continually  increase  as  the  demand  increases.  The  progress 
already  made  is  most  remarkable,  and  there  are  yet  no  signs 
of  the  limit  having  been  reached.  Less  than  twenty  years 
ago  an  armour  plate  which  weighed  5  tons  was  considered 
heavy ;  now  plates  are  commonly  made  weighing  20  or  30 
tons,  and  plates  of  40  or  50  tons  can  be  produced  if  desired. 
Another  example  is  furnished  by  the  manufacture  of 
wrought-iron  beams.  Formerly  the  sectional  form  f  in 
Fig.  116,  page  385,  was  largely  used,  and  the  section  e  was 
made  with  difficulty  by  a  special  process  :  now  e  can  be  rolled 
easily,  even  in  the  largest  sizes.  The  section  c  also  has 
replaced,  to  a  large  extent,  a  girder  formed  by  a  plate 
with  a  single  angle-iron  on  each  edge.  But  it  is  need- 
less to  further  illustrate  a  well-known  fact :  the  progress 
of  the  iron  manufacture  tends  towards  the  production  of 
finished  sectional  forms,  and  the  avoidance  of  cost  and 
labour  in  combining  plates  and  angles  to  produce  such 
forms. 

In  building  an  iron  ship,  less  work  is  also  required  in 
fashioning  and  combining  the  pieces  than  is  the  case  with 
wood.  Beams,  for  instance,  in  the  iron  ship  are  given  to  the 
builder  in  one  length :  costly  scarphs  like  those  in  Figs.  109 
and  110  are  unnecessary.  Bending  takes  the  place  of  the 
costly  fashioning  required  for  the  curved  pieces  of  a  wood 
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ship.  Welding,  lapping,  and  butt-strapping  replace  scarph- 
ing.  And,  what  is  no  less  important,  machinery  can  be,  and 
is,  extensively  employed  in  the  prepcuration  of  the  parts  of 
an  iron  ship. 

Any  one  who  has  witnessed  the  rapid  progress  on  the 
framing  of  an  ordinary  iron  ship,  as  compared  with  that  on 
the  erection  of  the  ribs  of  a  wood  ship,  cannot  fail  to  have 
noticed  the  much  greater  simplicity  of  the  operations 
required  in  the  iron  ship.  And  although  in  a  vessel  built 
on  the  longitudinal  system  of  framing  (see  Fig.  104,  page  331) 
the  operations  of  construction  are  less  simple  than  those  in 
an  ordinary  iron  ship,  yet  even  here  all  that  has  been  said 
above  applies ;  individual  pieces  are  procured  of  the  forms 
and  dimensions  desired,  they  are  combined  simply,  and  the 
work  admits  of  being  pushed  on  rapidly. 

Iron  ships  are  also  much  more  easily  repaired.  All,  or 
nearly  all,  the  surfaces  of  the  skin-plating,  as  well  as  those  of 
the  transverse  and  longitudinal  framing,  in  these  ships  may 
be,  and  should  be,  made  easily  accessible  for  inspection :  for 
which  purpose  it  is  highly  desirable  that  the  inside  planking 
(or  "  ceiling  ")  should  be  arranged  in  such  a  manner  as  to 
be  readily  removed.  In  case  of  damage,  therefore,  the 
injured  parts  can  usually  be  reached,  examined,  and  replaced 
without  any  great  difficulty.  Wood  ships,  on  the  contrary, 
are  not  so  readily  examined  or  repaired.  The  various  parts 
are  so  closely  associated,  interlaced,  overlapped,  and  fastened, 
as  to  render  a  considerable  disturbance  unavoidable  if  any 
considerable  repair  is  needed.  It  is,  for  example,  a  task  of 
some  difficulty  and  expense  to  replace  a  rotten  timber  in  the 
framework  by  a  sound  one,  and  when  a  vessel  has  been 
aground  and  had  her  bottom  seriously  damaged,  the  cost 
and  difficulty  of  the  repair  must  be  considerable. 

From  many  notable  examples  of  the  ease  with  which  the 
repairs  of  iron  ships  may  be  effected,  a  few  may  be  selected. 
The  Great  Britain  was  for  many  months  ashore  in  Dundrum 
Bay,  and  although  the  bottom  was  battered  by  beating  upon 
the  rocks,  and  the  boilers  were  forced  up  about  15  inches, 
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yet  the  damage  was  almost  confined  to  the  lower  part  of  the 
hull,  her  form  remained  unaltered,  and  she  was  got  off  and 
repaired.  The  Tyne^  an  iron  steamer,  ran  ashore  on  the 
south  coast,  and  remained  for  several  months  in  an  exposed 
position;  but  she  too  was  ultimately  floated  and  repaired, 
being  made  as  strong  and  soimd  as  ever,  although  a  large 
portion  of  her  keel  had  been  torn  off  and  her  floor  much 
injured.*  The  GrecU  Eastern  furnishes  still  further  proof  of 
the  ease  with  which  an  iron  ship  can  be  again  made  efficient 
after  serious  damage  to  her  bottom  ;t  and  in  the  Boyal 
Nayy  one  meets  with  similar  cases.  The  Agincourt  was 
easily  repaired  after  running  on  to  the  Pearl  Bock;  and  the 
BeUerophon  and  Northumberland  were  again  restored  to 
efficiency  without  large  expenditure  after  being  injured  by 
collision.  Still  more  remarkable  are  the  cases,  of  which 
several  have  been  brought  to  our  knowledge,  where  iron 
ships  which  have  grounded  and  broken  in  two,  have  sub- 
sequently been  floated,  the  separated  parts  reunited,  and 
the  ships  again  employed  successfully.  We  regret  that 
limited  space  prevents  any  details  being  given  of  these 
occurrences. 

Further,  iron  ships,  imder  the  ordinary  conditions  of 
service,  require  much  less  expenditure  on  repairs  than  wood 
ships,  in  order  to  meet  wear  and  tear.  This  is  a  matter 
not  admitting  of  question.  It  is,  of  course,  difficult  to  speak 
with  certainty  as  to  the  comparative  costs;  but  probably 
it  is  within  the  truth  to  say  that,  on  an  average,  the 
deterioration  in  a  wood  ship  is  not  far  from  twice  as  great  as 
that  in  an  iron  ship,  in  equal  times,  and  under  similar 
conditions  of  service.  The  usual  allowance  for  wood  ships 
is  that  in  from  twelve  to  fifteen  years  the  casual  repairs  to 


*  Mentioned  by  Mr.  Grantham  found   in  the   Life  of  Mr.    I.   K. 

in  his  work  on  Iron  Shipbtiilding,  Brunei. 

Much   interesting  information    re-  f  Sec  the  remarks  on  page  33  as 

specting  the  accidents  to  the  Great  to  the  accident  to  that  ship. 
Britain  and  Great  Eastern  will  be 
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meet  ordinary  wear  and  tear  of  the  hull,  apart  from  accidents, 
would  about  equal  the  first  cost;  for  iron  ships  the  cor- 
responding term  would  probably  be  twice  or  thrice  as  great. 
The  Parliamentary  Betums  for  the  Royal  Navy  confirm  this 
view,  only  the  figures  given  represent  total  outlay  upon 
maintenance,  repair,  and  alterations  in  the  hull;  macliinery, 
armament,  &c.,  and  therefore  tell '  against  the  iron  hull 
considered  separately.  This  being  understood,  the  following 
figures  will  be  interesting.  During  the  eight  years  1866-74 
over  £124,000  in  all  was  spent  upon  the  maintenance  and 
repair  of  the  Warrior — a  large  sum,  doubtless,  but  cor- 
responding to  an  average  annual  outlay  of  about  one- 
twenty 'fifth  part  only  of  the  first  cost — ^although  this  period 
represented  what  would  have  been  the  latter  half  of  the 
average  life  of  a  wood  ship.  The  same  proportionate  outlay 
occurred  also  in  the  Defence  and  Besidance^  which,  like  the 
Warrior,  date  from  1859-60.  Ships  of  less  age,  of  course, 
fost  proportionately  less.  The  Bdlerophon,  for  instance,  in 
these  eight  years,  being  new,  only  had  spent  upon  her 
annually,  on  an  average,  about  one  thirty-third  part  of  her 
first  cost,  and  tbis  included  repairs  after  her  collision  with 
the  Minotaur,  In  their  first  five  years  of  service  the 
Invincible  class  cost  annually  only  about  one-eightieth  part  of 
their  first  cost.  While  these  examples  are  not  exactly 
to  the  point,  they  furnish  a  confirmation  of  the  views  ex- 
pressed above ;  for  the  boilers  and  machinery  are  subject 
to  greater  wear  and  tear  than  the  hull,  and  the  cost  of 
alterations  in  fitting  or  equipment  is  not  fairly  chargeable 
to  repairs. 

The  relative  first  cost  of  constructing  wood  and  iron  ships 
is  a  matter  upon  which  it  is  not  easy  to  pronounce  definitely. 
Some  authorities  have  estimated  that  in  merchant  ships  the 
saving  by  using  iron  instead  of  wood  must  amount  to  quite 
10  per  cent. :  others  have  asserted  that,  on  the  whole,  in 
iron  sailing-ships  merchandise  can  be  carried  at  least  25  per 
cent,  more  cheaply  than  in  wood  ships  of  equal  size.  But 
obviously  the  relation  between  the  first  costs  is  not  the  sole, 
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nor  even  the  chief,  condition  in  the  determination  of  the 
relative  economies  of  the  two  classes  of  ships ;  and  the 
changes  in  the  prices  of  materials  from  time  to  time  must 
greatly  influence  that  relation.  For  example,  when  iron  was 
80  dear  a  few  years  ago,  wood  sailing-ships  of  moderate  size 
were  much  in  request  because  they  were  cheaper  than  iron 
ships :  but  even  under  'those  unusual  conditions  no  attempts 
were  made  to  reinstate  wood  in  the  construction  of  the  largest 
sailing-ships,  much  less  in  that  of  steamers.  In  short,  as  has 
been  previously  said,  it  is  a  question  of  the  possibilities  of  the 
two  materials  which  has  determined  the  shipbuilder  to 
abandon  wood :  with  iron  he  can  achieve  results  not  attain- 
able with  wood,  and  he  would  be  justified  in  incurring 
greater  first  cost  in  building  iron  ships,  even  were  that 
additional  expense  necessary.  In  proportion  to  their 
commercially  remunerative  powers,  iron  ships  are  not 
dearer  than  wood;  and  in  judging  of  these  powers,  one 
has  to  consider,  besides  first  cost,  the  durability  of  the 
structure,  probable  expense  of  repair  and  maintenance, 
carrying-power  for  cargo,  &c.  In  war  ships,  instead  of  cargo, 
there  have  to  be  carried  weights  of  armour  and  equipment ; 
and  it  is  quite  conceivable  that,  to  gain  a  permanent 
superiority  in  this  carrying-power,  it  would  be  really 
economical  in  the  end  to  incur  a  greater  first  cost.  These 
considerations  apply  with  greater  force  to  the  comparison  of 
steel  and  iron  ships  than  they  do  to  that  of  iron  and  wood 
ships,  as  will  appear  farther  on. 

The  last  feature  of  superiority  in  iron  ships  to  which 
reference  will  be  made  is  their  greater  safety  when  properly 
constructed.  Against  all  ordinary  risks  of  foundering  at  sea 
iron  ships  may  be  secured  by  eflScient  watertight  subdivision, 
such  as  has  been  described  at  length  in  Chapter  I.  It  has 
there  been  remarked  that  in  very  many  cases  other  conside- 
rations are  allowed  to  override  those  of  safety ;  iron  ships 
being  built  with  so  few  bulkheads  as  to  be  practically 
destitute  of  any  provision  against  foundering,  other  than  the 
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strength  of  the  skin-plating  and  the  decks.  But  this 
failure  to  introduce  bulkheads,  in  order  to  obtain  large 
cargo-holds,  of  course  detracts  in  no  measure  from  the 
possible  safety  of  iron  ships.  Much  the  same  may  be  said 
of  the  doorways  and  other  openings  cut  in  the  bulkheads  for 
convenience  of  passage  from  one  compartment  to  another  : 
these  openings  may  be  provided  with  watertight  covers,  but 
if  they  are  not  closed  when  accidents  happen,  the  eflSciency 
of  the  system  of  subdivision  obviously  ought  not  to  be  dis- 
credited in  consequence.  Again  it  is  possible,  either  by 
defects  of  workmanship  or  by  wear  and  tear  in  service,  for  a 
partition  presumably  watertight  to  be  really  not  so :  such 
defects  are,  however,  easily  discovered  by  testing,  and  are 
not  diflScult  to  remedy. 

All  that  need  be  said,  therefore,  on  this  head  is,  that  when 
the  internal  space  of  an  iron  ship  is  subdivided  into  numerous 
compartments  by  longitudinal  or  transverse  partitions  rising 
to  a  suflScient  height,  or  by  horizontal  platforms,  or  an 
inner  skin,  and  all  such  partitions  are  really  wcUertiffhty 
then  that  ship  is  safi-r  than  any  wood  ship  would  be  against 
foundering. 

It  is  needless  to  quote  instances  of  the  insuflBciency  of  the 
subdivision  practised  in  most  iron  merchant  ships:  they  are, 
unfortunately,  of  too  common  occurrence ;  accidental,  and 
perhaps  slight,  collision  leading  to  the  rapid  sinking  of  one 
or  both  of  the  ships.  The  ill-fated  troopship  Birkenhead 
is  a  case  wherein  the  original  subdivision  was  satisfactory, 
but  was  marred  by  cutting  openings  in  the  partitions,  in 
order  to  make  more  easy  the  passage  from  compartment  to 
compartment  in  the  hold.  In  the  Vanfftiard,  according  to 
the  evidence  given  at  the  court-martial,  the  doors  in  some 
of  the  bulkheads  were  open  when  the  ship  was  struck  by  the 
Iron  DukSy  as  they  naturally  would  be  under  the  circum- 
stances ;  although,  had  the  ship  been  expecting  a  collision, 
as  in  action,  the  doors  would  either  have  been  closed  or 
held  in  readiness  for  closing.  Some  difficulty  was  experienced 
in  closing  the  doors  in  the  Vanguard,  and  the  results  were 
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very  serious,  as  the  steam-pumps  could  never  be  brought 
into  operation.  Finally,  as  a  case  where  the  watertightness 
of  a  partition  proved  of  great  importance,  reference  may  be 
made  to  a  case  which  happened  some  years  ago.  On  survey 
it  was  found  that  the  bulkheads  of  a  steamer  were  not  water- 
tight; and  they  were  ordered  to  be  made  so.  Almost 
immediately  after,  the  vessel  was  struck  by  another,  and 
seriously  damaged  on  the  fore  side  of  a  bulkhead,  which 
had  been  caulked,  the  watertightness  of  which  prevented 
any  passage  of  water  farther  affc,  and  the  vessel  kept 
afloat,  bringing  her  passengers  and  freight  safely  into 
harbour. 

Bulkheads  in  iron  ships  have  also  proved  themselves  of 
great  value  against  fire.  The  well-known  case  of  the  Sarah 
Sands  illustrates  this.  The  nature  of  the  material  in  their 
hulls  gives  to  iron  ships  a  greater  degree  of  safety  from 
fire  than  wood  ships ;  although  the  existence  of  wood  decks, 
inside  planking,  fittings,  &c.,  somewhat  detracts  &om  this 
superiority.  In  the  Sarah  Sands,  when  employed  as  a  troop- 
ship, and  far  away  from  land,  a  serious  fire  in  the  after  part 
of  the  ship  was  kept  from  spreading  by  the  existence  of  a 
bulkhead,  upon  one  side  of  which  cold  water  -was  thrown  in 
large  quantities  ;  and  although  the  vessel  was  much  damaged, 
she  was  kept  afloat  and  the  lives  of  those  on  board  were 
saved,  which  could  scarcely  have  been  hoped  for  had  such 
a  fire  broken  out  in  a  wood  ship. 

Turning  to  the  other  side  of  the  picture,  brief  reference 
must  next  be  made  to  the  disadvantages  attending  the  use  of 
iron  ships.  These  are  twofold :  easy  penetrability  of  the  thin 
bottom  by  any  hard  pointed  substance,  and  fouling  of  the 
bottom.  Respecting  the  former,  it  is  only  necessary  to  refer 
to  the  remarks  made  in  a  previous  chapter  (page  298),  and 
to  add  that  the  use  of  a  double  bottom  completely  overcomes 
the  diflSculty,  while  it  would  be  imwise  to  attempt  to  meet 
it,  as  some  persons  have  suggested,  by  greatly  increasing  the 
thickness  of  the  outer  bottom  plating. 
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Fo\ding  is  a  much  more  serious  drawback  to  the  use  of 
iron  ships.  Wood  ships  with  copper  sheathing  on  their 
bottoms  can  keep  the  sea  for  very  long  periods  with  a  com- 
paratively small  increase  in  resistance,  and  loss  of  speed,  due 
to  their  bottoms  becoming  dirty.  Iron  ships,  on  the  contrary, 
even  when  their  bottoms  are  covered  with  the  best  anti-fouling 
compositions  yet  devised,  cannot  usually  remain  afloat  more 
than  a  year  without  becoming  so  foul  as  to  suffer  a  serious 
loss  of  speed ;  and  very  frequently  a  much  shorter  period 
suffices  to  produce  this  condition.  The  prevention  of  fouling 
has  naturally  attracted  much  attention ;  numberless  proposals 
having  been  made  with  the  object  of  checking  the  attach- 
ment and  growth  of  marine  plants  and  animals,  which  goes 
on  more  or  less  rapidly  on  iron  ships  in  all  waters,  and 
especially  in  warm  or  tropical  seas.  Various  soaps,  paints, 
and  varnishes  of  a  greasy  character  have  been  proposed  for 
the  purpose  of  rendering  the  attachment  of  these  marine 
growths  difficult,  and  of  securing  a  gradual  washing  of  the 
bottom  when  the  ship  is  under  weigh*  Many  others  have 
been  suggested  having  for  their  common  object  the  poisoning 
or  destruction  of  these  lower  forms  of  life.  Sheets  of  glass, 
slabs  of  pottery;  coatings  of  cement,  enamelling,  and  many 
other  plans  for  giving  a  smooth  polished  surface  to  the 
bottom,  in  order  to  prevent  the  adhesion  of  plants  and  animals, 
have  been  recommended,  and  in  several  instances  tried,  but 
not  with  much  success.  In  fact,  it  would  be  difficult  to  point 
to  any  other  subject  which  has  been  made  the  basis  of  so 
many  schemes  and  patents,  with  so  little  practical  advantage. 
Between  1861  and  1866  over  a  hundred  plans  were  patented 
for  preventing  fouling,  and  in  the  subsequent  period  inventors 
have  been  quite  as  busy ;  but  no  cure  for  fouling  has  yet  been 
devised,  the  best  compositions  in  use  are  only  palliatives, 
and  the  question  remains  much  in  the  same  position  as  it 
did  fifteen  or  twenty  years  ago. 

A  distinction  must  be  made  between  corrostow  and/oiiZtn^. 
The  former,  with  frequent  inspection,  cleaning,  and  painting 
of  the  outer  bottom  plating,  can  be  made  very  slow ;  and  this 
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course  is  not  merely  advantageous  in  preserving  the  struc- 
ture, but  has  the  eflFect  of  reducing  the  tendency  to  fouling. 
Neglect  of  precautions  against  corrosion  has  the  effect  of 
making  fouling  more  rapid.  Some  persons  even  go  so  far  as  to 
afSrm  that  if  all  rusting  were  prevented  on  the  bottoms  of  iron 
ships,  they  would  be  free  from  fouling ;  and  that  if  a  smooth, 
clean  surface  could  be  maintained,  the  plants  and  animals 
would  not  attach  themselves.  Some  serious  objections  to  this 
view  may  be  urged ;  but  it  is  needless  to  dwell  upon  them, 
since  the  conditions  laid  down  can  never  be  fulfilled  in  practice 
on  the  bottom  of  an  iron  ship,  subject  to  blows,  abrasions,  and 
all  the  wear  and  tear  of  service,  besides  being  almost  con- 
stantly immersed  in  corrosive  sea-water.  All  iron  ships  with 
unsheathed  bottoms  become  foul  in  a  comparatively  short 
time ;  and  cases  are  on  record  where  a  few  months  in  tropical 
waters  have  sufficed  to  produce  such  an  amount  of  fouling 
as  to  reduce  their  speed  by  one-half.  Under  ordinary  con- 
ditions, if  an  iron  ship  can  be  docked  and  have  her  bottom 
cleaned  and  re-coated  once  or  twice  a  year,  all  goes  well ; 
but  longer  periods  afloat  induce  an  objectionable  amount 
of  fouling. 

Hence  it  is  that  vessels  intended  for  cruisers  in  the  Royal 
Navy,  as  well  as  special  vessels  in  the  mercantile  marine, 
intended  to 'keep  the  sea  for  long  periods  and  to  maintain 
their  speed,  have  been  either  constructed  on  the  composite 
system,  or  else  had  their  iron  hulls  sheathed  over  with  wood 
planking  and  covered  with  some  metallic  sheathing,  such  as 
copper,  Muntz  metal,  or  zinc.  The  clippers  which  were 
formerly  employed  in  the  China  tea-trade,  and  whose  annual 
races  home  attracted  so  much  notice,  were  built  on  the  com- 
posite system,  resembling  iron  ships  in  all  respects  except 
that  they  had  wood  planking,  keels,  stems,  and  stemposts, 
and  had  their  bottoms  copper-sheathed.  These  vessels  could 
lie  in  the  Chinese  ports  unharmed,  under  conditions  which 
produced  very  objectionable  fouling  in  iron  ships.  In  the 
Royal  Navy  at  the  present  time  the  composite  system  of 
construction  is  applied  to  vessels  up  to  the  size  of  corvettes ; 
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the  outside  planking  being  worked  in  two  thicknesses  and 
the  bottoms  copper-sheathed.  For  larger  and  swifter  cruisers, 
such  as  the  Volage  and  Inconstant  classes,  the  use  of  an  iron 
skin  becomes  a  necessity  in  connection  with  the  provision  of 
structural  strength;  and  in  most  of  these  vessels  copper 
sheathing  has  been  adopted,  two  thicknesses  of  wood  planking 
being  interposed  between  the  sheathing  and  the  iron  hull. 
Two  of  the  ironclads  of  the  Royal  Navy,  the  Swiftsure  and 
Triumph,  have  also  been  built  on  a  similar  plan.  It  has 
now  been  thoroughly  tested  during  seven  or  eight  years,  and 
has  proved  satisfactory  ;  but  it  involves  some  special  dangers, 
and  it  is  a  very  expensive  method  of  construction,  so  that 
endeavours  have  been  made  to  substitute  zinc  for  copper,  and 
one  thickness  of  wood  for  the  two  formerly  employed.  The 
Audacious,  at  present  flag-ship  on  the  China  station,  was  thus 
sheathed  some  six  or  seven  years  ago  ;  and  the  experiment 
proved  sufficiently  successful  to  procure  further  trials  of 
zinc  sheathing  in  two  or  three  other  vessels,  some  of  which 
are  now  on  service.  But  the  matter  must  still  be  regarded 
as  in  the  experimental  stage. 

The  anti-fouling  properties  of  copper  sheathing  are  due  to 
the  fact  that  the  action  of  sea-water  upon  its  surface  produces 
oxychlorides  and  other  salts  which  are  readily  soluble,  and 
do  not  adhere  strongly  to  the  uncorroded  copper  beneath. 
Hence  the  salts,  instead  of  forming  incrustations,  are  conti- 
nually being  washed  off  or  dissolved  away,  leaving  the 
sheathing  with  a  smooth,  clean  surface,  and  preventing  the 
attachment  of  plants  or  animals.  Some  chemists  have 
attached  importance  also  to  the  poisonous  character  of  the 
salts  of  copper  in  preventing  fouling ;  but  the  foregoing  is 
undoubtedly  the  more  important  feature,  and  is  commonly 
termed  "  exfoliation  "  of  the  copper.  The  rate  at  which  this 
wasting  of  the  copper  proceeds  varies  greatly  under  different 
circumstances,  and  with  different  descriptions  of  copper; 
and  formerly  this  subject  received  much  attention,  the  aim 
being  to  secure  the  minimum  rate  of  wearing  consistent  with 
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the  retention  of  onti-fouling  properties.  For  this  purpose 
Sir  Humphry  Davy  suggested  to  the  Admiralty  the  use 
of  "  protectors,"  formed  of  iron,  zinc,  or  some  metal  electro- 
positive to  copper.  When  these  protectors  were  put  into 
metallic  connection  with  the  copper  sheathing  and  immersed, 
galvanic  action  resulted,  the  protectors  were  worn  away,  and 
the  rate  of  wearing  of  the  copper  was  decreased  in  proportion 
to  the  ratio  of  the  surface  of  the  protectors  to  the  surface  of 
the  sheathing.  When  the  protector  had  about  y^  of  the 
surface  of  the  sheathing,  there  was  no  wasting  of  the  copper : 
with  a  smaller  proportionate  surface  of  the  protectors  the 
copper  wasted  somewhat ;  but  even  when  the  protectors  had 
an  area  only  y^*^  part  that  of  the  sheathing,  there  was 
proved  to  be  a  sensible  diminution  in  the  rate  of  wearing. 
The  limits  of  protection  from  fouling  appeared  to  be  reached 
when  the  surface  of  the  protectors  equalled  y^  part  of  the 
surface  of  the  sheathing.  After  experience  on  actual  ships 
it  was  found,  however,  that  preservation  of  the  copper  by 
this  means  led  to  rapid  fouling,  and  the  plan  was  abandoned. 
Nor  has  any  substitute  been  since  found ;  the  practice  being 
to  exercise  great  care  in  the  manufacture  of  the  copper,  and 
to  regard  its  wasting  as  the  price  paid  for  preventing  fouling. 
Muntz  metal — an  alloy  of  copper  and  zinc  in  the  proportions 
of  about  2  to  3 — has  been  used  largely  as  a  substitute  for 
copper,  especially  in  the  ships  of  the  mercantile  marine,  and 
appears  to  answer  fairly  well,  being,  of  course,  much  cheaper 
than  copper.  Such  alloys  are  supposed  by  some  persons  to 
have  the  advantage  of  not  producing  powerful  galvanic 
action  upon  iron  immersed  in  sea-water  and  metallically 
connected  with  them ;  but  this  property  has  not  been  defi- 
nitely established.  On  the  other  hand,  it  appears  that, 
after  being  long  immersed,  the  alloy  tends  to  alter  in  com- 
position. Muntz  metal  sheets  have  been  found  to  become 
brittle  after  being  some  time  in  use ;  and  the  explanation 
given  is  that,  the  zinc  being  electro-positive  to  the  copper, 
galvanic  action  is  established  between   the  two  metals   in 


CHAP.  X.        MATERIALS  FOR    SHIPBUILDING.  413 

the  alloy,  and  part  of  the  zinc  removed.  The  introduction 
of  a  third  metal,  such  as  tin,  is  said  to  prevent  this  ob- 
jectionable change,  even  when  it  is  present  in  very  small 
quantities. 

Zinc  is  another  material  largely  used  for  sheathing  the 
bottoms  of  wood  ships.  When  immersed  in  sea- water,  the  salts 
formed  on  the  surface  of  a  zinc  sheet  are  very  much  more 
adherent  to  the  uncorroded  zinc  than  are  the  corresponding 
salts  of  copper,  and  are  comparatively  insoluble — or  perhaps, 
we  should  say,  are  slowly  soluble — by  ordinary  sea-water. 
Hence  it  appears  that  a  coating  of  oxychloride  of  zinc,  &c., 
is  likely  to  form  on  the  sheathing,  not  being  washed  away 
or  removed  like  that  on  copper ;  and  consequently  zinc  does 
not  possess  such  good  anti-fouling  properties  as  copper,  nor 
present  such  a  smooth  surface.  But  it  answers  fairly  well,  and 
lasts  for  a  considerable  time  under  ordinary  conditions.  In 
some  waters,  however,  and  those  of  the  tropics  especially,  zinc 
sheathing  has  been  found  to  perish  very  quickly,  owing 
probably  to  such  a  composition  of  the  water  as  favoured  the 
rapid  solution  of  the  salts  formed  on  the  surface,  the  exposure 
of  the  uncorroded  zinc,  its  rapid  oxidation,  and  so  on.  Sir 
John  Hay  records  that,  in  the  TrincvJoy  one  commission  on 
the  African  coast  suflBced  to  strip  the  bottom  of  zinc  and 
leave  the  wood  exposed,  fouling  of  course  ensuing.  Other 
cases  are  reported  where  zinc  sheets  |  inch  thick  have,  under 
exceptional  conditions,  been  worn  through  in  the  course  of 
twelve  months. 

Under  ordinary  conditions,  zinc  sheathing  is  much  more 
durable :  in  fact,  to  increase  its  anti-fouling  qualities,  it  is 
often  put  into  communication  with  some  metal,  such  as  iron, 
which  is  electro-negative  to  itself,  in  order  that  the  galvanic 
action  which  is  produced  may  have  the  result  of  keeping  the 
surface  of  the  zinc  freer  from  incrustations  to  which  marine 
plants  and  animals  can  adhere.  Apart  from  this,  it  may  be 
interesting  to  give  the  relative  losses  sustained  by  copper, 
zinc,  Muntz  metal,  iron,  and  steel,  when  suspended  in  the 
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Bea  for   purposes  of  experiment   by  Dr.  Calvert 
Juhnson.* 


MeUls. 

Lots  of  Weight  per  Month  oa 
eiich  SquHre  Foot  of  Sur6™. 

Id  m  Ve»el  of 

Id  the  8eL 

Ckipper  .... 
MuntE  metnl     .     . 
Zinc       .... 
Iron       .... 

f,\MA        .... 

0-0627 
0-0015 
0-0012 
0-0056 
0-0060 

0-0061 

0-0070 
00204 
0-0216 

These  results  are  open  to  some  doubt  when  a| 
imita  ID  estimatiug  the  probable  loss  occurring  du 
periods  of  immereiou  in  sea-water  of  various  quali 
they  are  valuable  for  purposes  of  comparisoD  bet' 
metals,  and  between  the  case  of  immersion  in  a  vesa 
water,  and  in  the  sea  itself,  where  there  are  mai 
tending  to  remove  the  salts  formed  on  the  sarfac 
greatly  different  rates  of  wearing  in  different  seas  is 
of  common  experience;  and  the  experiments  madi 
B.  Mallet,  f  .U.S.,  furnish  some  .valuable  informatio 
head.t  Iron  boiler  plates  which  lost  from  O'OO?  lb.  Xa 
per  square  foot  per  month  in  char  sea^water,  lost  abi 
as  mui'h  in  foul  sea-water.  With  steel,  very  similt 
were  obtained. 

Wood  ships  are  protected  from  tbuling  by  nai 
metal  sheathing  directly  upon  the  wood  planking ;  i 
cannot  be  protected  in  quite  so  simple  a  way,  tl 
sheathing  having  to  be  attached  in  a  manner  d< 
upon  its  position  in  the  galvanic  scale  relatively  to 
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upon  its  anti-fouling  properties.  Copper  sheathing,  for 
example,  may  produce  serious  galvanic  action  upon  the  iron 
hull,  or  portions  of  the  hull,  if  there  is  intimate  metallic 
connection  between  the  sheathing  and  the  iron  ;  and  even 
a  very  indirect  metallic  connection  will  suffice  to  produce 
some  action.  Muntz  metal,  again,  is  electro-negative  to  iron, 
and  therefore  requires  to  be  insulated.  Zinc,  on  the  contrary, 
being  electro-positive  to  iron,  need  not  be  insulated  from 
it ;  but  since  the  rate  of  wasting  required  to  prevent  fouling 
of  the  zinc  is  practically  governed  by  the  amount  of  galvanic 
action  set  up  on  its  surface  by  the  iron,  considerable  care 
is  needed  in  adjusting  the  relative  surfaces  of  the  two 
materials  subjected  to  galvanic  action.  A  brief  description 
will  suffice  to  show  what  has  been  done  in  practice  to  over- 
come these  various  difficulties. 

Ships  of  the  Eoyal  Navy  built  of  iron,  or  on  the  composite 
principle,  and  copper-sheathed,  have  two  thicknesses  of  wood 
planking  interposed  between  the  copper  and  the  iron 
portions  of  the  hull.  The  inner  thickness  is  bolted  to  the 
skin-plating  or  to  the  iron  frames;  the  outer  thickness  is 
bolted  to  the  inner,  the  bolts  not  being  allowed  to  come  into 
contact  with  the  iron  of  the  hull,  nor  with  the  bolts  of  the 
inner  thickness.  Wood  stems  and  sternposts  are  fitted  in 
many  of  the  composite  vessels ;  but  in  the  swift  cruisers  and 
ironclads  brass  stems  and  sternposts  are  employed.  The 
copper  sheathing  is  not  brought  into  contact  with  the  metal 
stems  or  sternposts,  nor  with  the  metal  kingston-valves,  &c., 
passing  through  the  bottom;  and  by  these  means  it  is 
endeavoured  to  insulate  the  copper  from  the  iron  hull. 
Doubts  have  been  expressed  as  to  the  sufficiency  of  these 
precautions,  it  being  supposed  that  there  must  be  some 
metallic  connection  between  the  hull  and  the  copper,  result- 
ing in  corrosion  of  the  iron.  It  will  suffice  to  say  in  reply 
that  the  precautions  taken  at  least  prevent  any  powerful 
local  action,  such  as  might  otherwise  take  place  in  the 
neighbourhood  of  the  fastenings.  In  fact,  after  seven  or 
eight   years'  experience  with  the  sheathed  ships  of   the 
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InconstarU  and  Vdage  classes,  including  service  on  very  dis- 
tant stations  and  in  tropical  waters,  no  signs  of  serious  gal- 
vanic action  or  corrosion  have  been  discovered  upon  careful 
examination.  Further,  the  copper  sheathing  has  well  main- 
tained its  anti-foiding  properties,  which  it  coidd  scarcely  have 
done  if  it  were  causing  much  galvanic  action  on  the  iron  hull. 

One  special  danger  is  necessarily  incurred  by  such  ships, 
and  ought  not  to  be  passed  over.  Any  damage  to  the 
bottom,  which  stripped  off  the  bottom  planking  and  exposed 
a  portion  of  the  iron  skin,  would  necessarily  place  that 
portion  of  the  skin  within  the  influence  of  powerful  galvanic 
action  :  for  it  would  be  immersed  in  the  same  sea-water  as 
the  copper  sheathing,  be  almost  certainly  in  metallic 
connection  therewith,  and  have  concentrated  upon  its 
comparatively  small  area  the  action  of  the  very  large 
surface  of  copper  sheathing.  The  result  must  be  very 
rapid  corrosion  of  the  iron  skin,  and  possibly  its  perforation 
by  holes.  Such  an  accident,  capable  of  stripping  off  wood 
planking  6  inches  thick,  firmly  attached  to  an  iron  hull, 
must  of  course  be  exceptional  in  severity,  and  of  very  rare 
occurrence.  No  such  case  has  yet  occurred:  but  the 
Admiralty  Kegulations  provide  against  the  contingency,  the 
commanding  officer  being  ordered  to  have  his  ship  examined 
and  repaired  with  the  least  possible  delay. 

Allusion  has  already  been  made  to  the  dangers  attendant  on 
galvanic  action  of  the  kind  described,  where  some  metal  valve 
or  pipe,  connected  with  the  iron  skin  and  immersed  in  the 
same  sea  or  bilge  water,  has  produced  local  corrosion  of  a 
very  serious  and  rapid  character.  The  case  of  her  Majesty's 
store-ship  Supply  illustrated  this,  and  in  the  Megaera  also 
there  was  reason  to  believe  that  galvanic  action  had  taken 
place.*  To  prevent  such  galvanic  action  on  the  iron  skin, 
very  stringent  rules  are,  as  was  shown  above,  laid  down  for 
the  guidance  of  officers  charged  with  the  construction  or  care 
of  iron  ships  in  the  Royal  Navy. 


See  the  report  of  the  royal  commission  on  the  loss  of  the  Megctra, 
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To  illustrate  the  greatly  increased  rate  of  corrosion  of 
iron,  incidental  to  galvanic  action,  a  few  examples  may  be 
taken  from  the  results  of  the  experiments  recorded  by 
Mr.  Mallet.  An  iron  plate  immersed  alone  in  clear  sea-water 
was  found  to  lose  during  a  certain  period  a  quantity  which 
we  will  denote  by  unity:  it  was  then  immersed  for  an 
equal  time  in  clear  sea-water  with  an  equal  surface  of  the 
following  metals  electro-negative  to  it,  and  the  corrosion 
increased  £is  follows  : — 


Experiments. 

Relative  Corrosion. 

Iron  plate  in  contact  with  copper 

»)           »         »          »    brass 

„          „        „         „    <run-metal      .... 

»>          >»        »»         «    t*'*            

»          »»        >»         »    ^cad          

4-96 
3-43 
6-53 
8-65 
5-55 

Other  laboratory  experiments,  made  on  an  extensive  scaler 
have  given  diflTerent  results  for  the  relative  intensities  of 
the  action  of  the  various  metals  on  the  iron;  but  they 
fully  confirm  the  fact  that  a  greatly  increased  rate  of 
corrosion  results  from  galvanic  action.  The  first  two 
materials,  copper  and  brass,  are  those  of  which  the  ship- 
builder has  need  to  take  most  heed  in  arranging  the 
sheathing  or  fittings  of  iron  ships. 

The  increased  cost  of  copper-sheathed  iron  ships  is 
considerable,  and  in  composite  ships  of  the  merchant  fleet 
the  use  of  the  two  thicknesses  of  planking  is  by  no  means 
common,  doubtless  because  of  the  additional  outlay  required. 
With  a  single  thickness  of  planking  there  is,  of  course,  much 
greater  risk  of  galvanic  action,  but  in  merchant  ships  Muntz- 
metial  sheathing  is  commonly  used,  and  its  action  on  iron  is 
supposed  to  be  comparatively  feeble.  It  has  been  asserted 
that  no  great  diflBculty  would  be  encountered  in  making 
sheathing  of  such  an  alloy  of  copper  and  zinc  as  would  be 
electro-neutral  to  iron,  and  have  no  galvanic  action  upon  it 
wlien  immersed  in  sea^water.     We  are  unaware,  however,  that 

2  E 
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any  such  sheathing  has  been  tried,  and  nothing  but  experience 
oonld  show  whether  or  not  it  would  be  effectiye  against 
fonling.  Zinc  sheathing  has,  however,  been  sabstituted  for 
copper  in  many  recent  ships  of  the  Boyal  NaTT,  and  if 
it  proves  an  efficient  anti-fonling  material,  it  will  be  much 
less  costly  than  copper,  and  can  under  no  circumstances 
produce  anything  but  beneficial  action  on  the  iron  hulL 

Various  plans  have  been  tried  for  attaching  zinc  sheathing 
to  iron  hulls;  that  now  commonly  used  in  the  Boyal 
Navy  is  as  follows : — A  single  thickness  of  planks  (3-inch  to 
4-inch)  is  bolted  outside  the  skin  plating ;  to  this  the  zinc 
sheets  are  nailed :  the  strakes  of  planking  are  not  caulked, 
but  the  water  which  finds  its  way  under  the  sheathing  can 
pass  freely  through  the  seams  to  the  iron  skin.  Iron  stems 
and  stem-posts  are  employed ;  and  by  various  means  a 
certain  amount  of  metallic  connection  is  made  between  the 
zinc  and  the  iron  hull,  such  connection,  as  explained 
previously,  being  desirable  in  order  to  keep  the  surfiace  of 
the  zinc  freer  from  incrustation.  Hitherto  the  practical 
difficulty  has  been  to  adjust  the  relative  amounts  of  the 
surfaces  of  iron  and  zinc,  contributing  to  galvanic  action  on 
the  latter,  in  such  a  manner  as  to  prevent  too  rapid  or  too 
local  wearing  of  the  zinc,  without  interfering  with  its  anti- 
fouling  properties.  In  fact,  the  present  condition  of  this 
question  bears  a  considerable  resemblance  to  that  previously 
existing,  when  iron  protectors  were  under  trial  with  copper 
sheathing.  On  wood  ships,  zinc  lasts  for  a  considerable  time, 
but  is  not  very  successfol  in  preventing  fouling :  there  it  has 
but  little  metallic  contact  to  produce  galvanic  action.  On 
some  merchant  ships  where  the  zinc  nas  been  laid  almost 
directly  upon  the  iron  skin,  with  felt  or  some  similar 
material  interposed,  its  rate  of  wear  has  been  so  quickened 
that  a  single  voyage  has  sufficed  to  destroy  it.  Between 
these  two  conditions  must  lie  the  practically  useful  method 
of  attachment,  and  upon  this  experience  with  actual  ships 
can  alone  decide.  Before  many  years  the  question  will 
probably  be  in  a  much  more  settled  condition ;  and  although 
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there  is  little  hope  that  zinc  can  ever  be  made  to  equal 
copper  in  its  anti-fouling  qualities  and  smoothness  of  surface, 
yet,  if  it  be  made  fairly  successful  in  this  respect,  it  will 
greatly  reduce  the  cost  of  construction,  and  the  risks  of 
accident  or  collision.  Already  it  seems  certain  that  a  very 
great  improvement  upon  the  condition  of  unsheathed  iron 
ships  can  be  secured  by  the  use  of  zinc  sheathing. 

At  present,  therefore,  the  question  of  preventing  foulness 
of  bottom  in  iron  ships  stands  as  follows : — By  far  the  greater 
number  of  ships  have  their  bottoms  coated  with  some  anti- 
fouling  composition,  and  are  docked  for  cleaning  and 
recoating  once  or  twice  a  year ;  when  that  is  practicable,  no 
serious  loss  of  speed  ensues.  The  annual  cost  for  coating 
iMge  ships  may  be  taken  as  from  £100  to  £400  a  year ;  and 
this  is  not  a  large  outlay.  A  few  iron  ships,  designed  for 
distant  voyages,  and  in  which  the  power  of  keeping  the  sea, 
without  serious  loss  of  speed,  during  long  periods  is  of  great 
importance,  have  copper  or  zinc  sheathing.  Copper  can  be 
made  to  answer  well  as  regards  anti-fouling,  but  it  involves 
a  large  additional  outlay,  and  is  open  to  the  charge  of  possible 
damage  to  the  iron  hull  in  case  of  accident.  Zinc  has  not 
been  long  enough  in  use  to  be  regarded  £is  having  passed 
out  of  the  region  of  experiment;  but  it  promises  to  be  fairly 
successful. 

Many  persons  who  admit  the  superiority  of  iron  to  wood 
hulls  in  vessels  of  the  mercantile  marine  question  the 
desirability  of  using  iron  hulls  for  war  ships,  unless  they 
are  ironclads.  Unarmoured  fighting  ships,  it  is  still  urged, 
should  be  wood-built.  A  few  remarks  on  this  matter  will 
not,  therefore,  be  out  of  place. 

Nearly  forty  years  ago  two  iron  steamers,  the  Nemesis 
and  PhUgeihon,  were  built  for  the  East  India  Company,  and 
successfully  employed  in  the  Chinese  war  of  1842.  A  few 
years  later  several  iron  frigates  were  ordered  to  be  built  for 
the  Eoyal  Navy  ;  but  these  were  ultimately  converted  into 
troopships,  the  Simoom  and  Megasra  amongst  the  number. 

2  E  2 
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This  change  was  made  after  a  series  of  experiments  had  been 
conducted  with  targets  representing  the  sides  of  the  Simoom 
and  other  vessels.  These  vessels  had  strong  transverse 
frames  spaced  only  1  foot  apart ;  and  it  was  found  that  a 
very  serious  amount  of  splintering  took  place  from  the  side 
of  the  ship  first  struck,  while  the  opposite  side  was 
considerably  damaged.  On  the  whole,  it  was  considered  that 
the  damage  done  by  solid  and  hoUow  spherical  shot  to  these 
iron  ships  was  likely  to  prove  of  a  more  destructive  character 
to  the  crews  than  the  corresponding  damage  in  a  wood  ship. 
But  it  was  remarked  that  iron  plating  above  ^  inch  in  thick- 
ness sufficed  to  break  up  the  shell  and  hollow  shot  from  the 
heaviest  guns  then  mounted  in  ships.  This  feature  was  un- 
doubtedly a  very  great  advantage  of  the  iron  sides,  as  com- 
pared with  wood  ;  and  the  destruction  of  the  Turkish  fleet  at 
Sinope,  as  well  as  the  experience  with  our  own  ships  during 
the  Crimean  War,  proved  how  great  was  the  danger  of  wood 
hulls  exposed  to  the  fire  of  shell  guns.  On  the  whole, 
however,  the  decision  arrived  at  from  the  trials  in  the 
Simoom  target  still  holds  good  ;  and  from  that  time  to  this 
no  fighting  ship  of  the  Eoyal  Navy  has  been  built  with  un- 
covered iron  sides,  and  closely  spaced  frames,  in  wake  of  the 
gun  decks.  Iron  hulls  were  confined  to  armoured  ships 
until  the  construction  of  the  swift  cruiser  class,  of  which 
the  Inconstant  was  the  earliest  example.  In  order  to  secure 
the  requisite  structural  strength,  an  iron  hull  was  then  con- 
sidered necessary;  but  the  transverse  frames  were  widely 
spaced,  and  the  shattering  effect  of  projectiles  was  still  further 
reduced  by  covering  the  thin  iron  plating  with  wood  plank- 
ing. The  Simoom  target  experiments  had  shown  that  wood 
so  applied  reduced  splintering  and  damage:  subsequent 
experiments  at  Shoeburyness,  with  targets  representing  re- 
spectively the  sides  of  a  wood  frigate  and  those  of  a  swift 
cruiser,  have  confirmed  the  soundness  of  this  view,  even  when 
the  vessels  are  exposed  to  the  fire  of  heavier  gims  than  those 
in  use  twenty-five  years  ago. 

Before  and  abaft  the  central  batteries  or  citadels  of  iron- 
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clad  ships^  there  are  frequently  considerable  portions  of  the 
topsides  formed  by  thin  uncovered  iron  plating ;  but  in 
action  these  unprotected  spaces  would  not  be  occupied  by 
men,  and  splintering  would  not  be  productive  of  serious  con- 
sequences. The  coast-defence  gunboats  of  the  Comet  class 
also  have  their  thin  iron  plating  exposed,  but  in  them  the 
single  heavy  gun  is  carried  on  the  upper  deck  "  in  the  open," 
and  there  is  little  to  be  feared  from  splinters :  the  chances 
of  these  little  vessels  being  hit  are  also  small.  In  fact,  the 
only  cases  where  guns  are  fought  under  cover  of  a  deck,  and 
behind  thin  plating  unprotected  by  wood  planking,  are  in 
the  recently  designed  belted  ships  of  the  Nelson  class  in  the 
Royal  Navy;  but  in  them  very  special  arrangements  are 
made  to  prevent  splintering.  The  plating  is  of  steel,  about 
twice  the  thickness  of  an  ordinary  iron  side  :  there  are  no 
numerous  vertical  frames  behind  it  to  be  shattered  ;  and  any 
damage  that  may  be  done  is  restricted  to  a  limited  space  by 
means  of  "traverse  bulkheads"  which  are  splinter-proof. 
On  the  whole,  therefore,  it  may  be  safely  asserted  that  the 
unarmoured  or  partially  protected  iron  fighting-ships  of  the 
Royal  Navy  are  not  open  to  the  objections  which  were  fairly 
urged  against  the  Simoom  and  her  consorts  thirty  years 
ago,  and  which  apply  with  considerable  force  to  iron-built 
merchant  ships  of  the  present  day. 


In  concluding  this  chapter,  brief  reference  must  be  made 
to  the  substitution  of  steel  for  iron  in  shipbuilding. 

The  chief  reason  for  such  a  substitution  is  the  greater 
strength  of  steel.  The  varieties  which  have  been  used  in 
shipbuilding  have  had  tensile  strengths  from  26  to  50 
tons  per  square  inch ;  the  corresponding  strength  for  good 
iron  varying  from  17  to  22  tons.  Hence  with  steel  it  is 
possible  ta  use  thinner  plates  and  bars  than  with  iron,  in 
order  to  secure  a  certain  strength :  such  thinner  plates, 
&c.,  being,  of  course,  much  lighter,  since  steel  is  only  about 
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2  per  cent,  heavier  than  iron.  Numerous  steel  ships  have 
been  built  with  reductions  of  one-fourth  or  one4hird  from  the 
scantlings  which  would  have  been  considered  necessary  had 
iron  been  used :  in  some  cases  the  reductions  in  scantlings 
have  even  reached  one-half.  The  savings  in  weights  of  hull 
effected  by  using  steel  are  very  considerable,  ranging,  it  is 
said,  from  30  to  50  per  cent,  of  the  weight  which  the  hull 
would  have  if  built  of  iron  and  made  equally  strong.  What 
is  thus  saved  on  hull  is  available  for  carrying  power. 

Notwithstanding  the  greater  lightness  of  steel  ships,  it  is 
a  iaci  that  comparatively  few  have  been  built  as  yet,  the 
majority  of  those  constructed  being  designed  for  special  ser- 
vices where  extremely  shallow  draught  or  exceptional  light- 
ness of  hull  was  requisite.  Vessels  for  river  service,  like 
that  illustrated  by  Figs.  105  and  106,  pages  339, 340,  are  fre- 
quently built  of  steel ;  and  steel  was  also  largely  employed  in 
the  blockade-runners  built  during  the  Civil  War  in  America  ; 
but  taking  the  twenty  years  from  1850  to  1870,  it  appears 
that  over  3,600,000  tons  of  iron  shipping  were  built,  while 
only  27,000  tons  of  steel  ships  were  constructed.  And  this 
is  still  nearly  as  true  as  it  was  in  1870  ;  the  steel  ships  are 
comparatively  few.  In  the  Royal  Navy,  although  steel  has 
been  for  many  years  past  extensively  used  for  internal 
frames,  stringers,  and  strengthenings,  no  ship  was  con- 
structed wholly  of  steel  until  1875 ;  and  at  the  present  time 
only  two  such  ships,  the  Iris  and  Mercury^  armed  despatch 
vessels,  are  being  built,  and  the  steel  used  in  their  construc- 
tion is  of  a  special  character,  only  recently  produced  in  this 
country. 

Hitherto  two  main  objections  have  existed  to  the  use  of 
steel :  its  greater  cost,  and  the  want  of  uniformity  in  its 
character,  and  in  the  qualities  essential  to  successful  resistance 
to  the  wear  and  tear  of  service.  Its  cost  as  compared  with 
iron  varies  with  the  relative  and  absolute  qualities  of  the 
materials  used.  Iron  "  ship-plates,"  for  instance,  of  different 
qualities  vary  greatly  in  price ;  and  so  would  steel  plates. 
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But  a  good  average  is  probably  that  which  takes  steel  as 
about  twice  as  costly  as  the  iron  in  common  use. 

The  more  serious  disadvantage  of  most  of  the  varieties  of 
steel  is  the  want  of  uniformity  in  strength,  ductility,  and 
malleabili  ty .  Steel  plates  made  under  similar  conditions,  and 
presumably  of  the  same  quality,  have  displayed,  when  tested, 
singular  differences  in  their  qualities ;  and  the  shipbuilder 
has  consequently  been  without  any  assurance  of  safety,  such 
as  he  may  obtain  with  iron.  In  the  Koyal  Navy  the 
best  quality  of  iron  ship-plates  used  is  required  to  have  a 
tensile  strength  of  from  18  to  22  tons  per  square  inch  ;  and 
this  condition  the  manufacturer  can  fulfil  almost  certainly 
in  association  with  defined  conditions  of  malleability.  But 
with  steel,  until  recently,  it  was  necessary  to  allow  a  wider 
margin ;  the  tensile  strength  desired  being  about  33  tons 
per  square  inch,  and  an  upper  limit  of  40  tons  being 
fixed.*  Moreover,  it  was  found  that  the  manipulation  of  steel 
during  the  various  processes  of  building — punching  holes, 
bending,  riveting,  &c. — required  much  greater  care  than 
did  the  corresponding  operations  with  iron.  And  although 
of  greater  tensile  strength  than  iron,  and  probably  also  of 
greater  compressive  strength,  steel  appeared,  on  the  whole, 
less  suited  to  withstand  shocks  or  rough  usage  ;  its  greater 
hardness  and  less  malleability  making  it  liable  to  fracture 
under  conditions  when  good  iron  would  simply  bulge.  Hence 
it  resulted  that  in  the  ships  of  the  Royal  Navy  steel  was 
used  only  for  internal  strengthening,  the  outer  bottom 
plating  being  of  iron. 

For  many  years  the  subject  remained  in  much  the  same 
condition,  notwithstanding  frequent  discussions  and  many 
attempts  to  produce  steel  of  the  quality  and  price  suitable 
for    shipbuilding.    But  during  the  last  two  years  great 


*  Full  details  of  the  use  of  steel  tiniformity  in  quality,  will  be  found 
in  the  Koyal  Navy  prior  to  1875,  in  Mr.  Reed's  Shipbuilding  in  Iron 
and  tests  illustrating  the  want  of      and  Sled, 
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progress  has  been  made  both  in  France  and  England,  and  a 
so  called  "mild  steel"  has  been  produced  free  from  the 
objectionable  features  mentioned  above.  The  manufacture 
of  this  material  in  England  is  mainly  due  to  the  eflTorts  of 
Mr.  Baraaby,  Director  of  Naval  Construction,  who  had 
previously  conducted  most  of  the  experiments  on  steel  made 
in  the  Royal  Dockyards,  and  done  much  to  develop  the  use 
of  the  material.*  "  Mild  steel "  or  "  homogeneous  iron  "  has 
a  tensile  strength  of  from  26  to  30  tons  per  square  inch, 
being  about  25  per  cent,  stronger  than  the  best  iron  ship- 
plates  :  it  is  very  ductile  and  malleable,  and  will  not  take  a 
"  temper "  even  when  heated  to  a  cherry-red  and  plunged 
into  nearly  cold  water.  It  will  withstand  all  the  operations 
of  the  shipyard  quite  as  well  as,  if  not  better  than,  wrought 
iron  ;  and  its  cost  is  not  great  as  compared  with  the  high- 
class  iron  used  in  the  ships  of  the  Royal  Navy.  In  no 
respect  is  it  inferior  to  iron,  and  in  very  many  it  is  much 
superior.  For  equal  strengths,  probably  a  reduction  of  one- 
third  or  one-fourth  in  scantlings  and  weight  would  be  possible 
with  this  mild  steel  as  compared  with  iron ;  but  the  Iris 
and  Mercury  have  structural  arrangements  of  so  special  a 
character  that  even,  when  completed,  it  will  not  be  possible 
to  compare  fairly  the  ratio  borne  by  their  weight  of  hull  to 
their  displacement  with  that  of  iron  ships  of  ordinary  type. 
Speaking  generally,  it  seems  a  fair  assumption  that,  should 
this  mild  steel  come  into  general  use,  it  will  be  possible  to 
build  ships  say  20  to  25  per  cent,  lighter  than  iron  ships  of 
equal  strength ;  and  although  the  outlay  on  the  original 
construction  may  continue  greater  for  some  time,  until  the 
process  of  manufacture  has  become  better  kno\i'n,  this 
addition  to  the  carrying-power  will  be  a  permanent  advantage, 
and  may  more  than  recoup  the  additional  outlay  on  con- 
struction during  the  period  of  service.     Take,  for  example,  a 


*  Sec  Mr.  Bamaby*8  paper  on  for  1875 ;  and  its  sequel  in  Mr. 
this  subject  in  the  Transactions  of  Riley's  paper  of  the  following  year, 
the  Institution  of  Naval  Architects 
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merchant  steamer  of  about  5000  tons  displacement,  and  the 
case  would  stand  something  as  under : — 


Distribution  of  Weights. 

Iron  Ship. 

Tons. 

890 

1600 

Steel  Ship. 

Machinery,  coils,  stores,  and  equipment    . 
Hull 

Tons. 

890 

1280 

Carrying  power  for  cargo 

Displacement 

2490 
2510 

2170 
2830 

5000 

5000 

No  less  a  quantity  than  320  tons  would  be  transferred 
from  the  hull  to  the  cargo-carrying  power ;  and  this  increase 
would  tell  greatly  in  favour  of  the  stfeel  ship  during  a 
service  of  twenty  or  thirty  years. 

It  is  only  necessary  to  add  that  steel  loses  nothing  as  com- 
pared with  iron  in  the  variety  of  the  forms  in  which  it  is  pro- 
duced, the  eflSciency  of  its  connections,  and  its  adaptability 
to  the  combinations  required  in  the  structure  of  a  ship. 
Reduced  thicknesses  of  plates  and  bars  of  course  render 
necessary  greater  precautions  against  local  failure,  and 
particularly  against  buckling  in  the  plating  on  decks,  sides, 
or  bottoms.  Hence,  if  steel  comes  into  general  use,  some 
longitudinal  system  of  framing  is  likely  to  secure  general 
adoption.  Seduced  thicknesses  also  necessitate  greater  care  to 
prevent  corrosion ;  and  it  is  to  be  noted — although  experi- 
ence on  this  point  is  not  suflSciently  extensive  to  enable  a 
definite  opinion  to  be  formed — ^that  steel  appears  to  corrode 
in  sea-water  rather  more  rapidly  than  iron.  As  to  fouling, 
steel  ships  appear  but  little,  if  anything,  better  oflf  than  iron 
ships;  in  this  particular  further  experience  is  requisite 
before  a  sound  judgment  can  be  formed. 

Mild  steel  of  the  character  described  may  ultimately  be  dis- 
placed by  some  stronger  material  having  equally  good  qualities 
as  regards  ductility  and  workability.  If  the  manufacturers 
can  succeed  in  producing  such  steel  at  moderate  cost,  the  ship- 
builder will  be  happy  to  avail  himself  of  the  opportunity  to  ad- 
vance still  further  the  combination  of  strength  with  lightness. 
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CHAPTEE  XL 

THE   RESISTANCE  OF  SHIPS. 

No  branch  of  the  theory  of  nayal  architecture  has  a  richer 
literature  than  that  which  forms  the  subject  of  this  chapter. 
It  would  be  a  formidable  task  merely  to  enumerate  the 
names  of  eminent  mathematicians  and  experimentalists  who 
have  endeaToured  to  discover  the  laws  of  the  resistance 
which  water  offers  to  the  progress  of  ships ;  and  still  more 
formidable  would  be  any  attempt  to  describe  the  very 
various  theories  that  have  been  devised.  Again  and  again 
has  the  discovery  been  announced  of  the  "  form  of  least 
resistance/'  but  none  of  these  has  largely  influenced  the 
practical  work  of  designing  ships,  nor  can  any  be  regarded 
as  resting  on  a  thoroughly  scientific  basis.  In  fact,  a 
century  and  a  half  of  almost  continuous  inquiry  has  firmly 
established  the  conviction  that  the  problem  is  one  which 
pure  theory  can  never  be  expected  to  solve. 

Although  earlier  theories  of  resistance  are  now  discarded, 
and  the  present  state  of  knowledge  on  the  subject  is 
confessedly  imperfect,  great  advances  have  been  made 
within  the  last  half-century,  and  most  valuable  experimental 
data  have  been  collected.  The  modem  or  "  stream-line  " 
theory  of  resistance  may  now  be  regarded  as  firmly 
established.  Many  eminent  P^nglish  mathematicians  have 
been  concerned  in  the  introduction  and  development  of  this 
theory,  as  well  as  in  the  conduct  of  the  experiments  by 
which  it  has  been  put  to  the  test.  Of  these,  however,  two 
only  need  be  named.     The  late  Professor  Rankine  did  much 
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to  practically  apply  the  theory  to  calculations  for  the 
resistances  and  speeds  of  ships ;  and  the  broad  generalisations 
which  we  owe  to  him  have  served  ever  since  as  guides  to 
later  investigators.*  Mr.  W.  Froude  is  the  second  worker 
in  this  field  of  inquiry,  whose  labours  deserve  especial 
mention.  The  experiments  which  for  some  years  past  he 
has  been  conducting  for  the  Admiralty  are  beyond  all 
comparison  with  any  that  have  gone  before  them;  the 
greatest  value  attaches  to  the  small  portions  of  his  results 
which  have  yet  been  published;  and  when  the  inquiry  is 
completed,  and  the  results  are  fully  discussed,  naval  architects 
will  be  in  possession  of  a  mass  of  facts  which  cannot  but 
prove  highly  advantageous  to  the  designs  of  future  ships. 
These  experiments  of  Jlr.  Froude  have  been  carried  on  upon 
the  basis  of  the  stream-line  theory  of  resistance,  and  have 
fully  confirmed  its  soundness.  In  addition,  however,  to  this 
service,  Mr.  Froude  has  done  more  than  any  one  else  to 
elucidate  and  popularise  the  theory.  His  clear  and  masterly 
sketches  of  its  main  features  are  well   worthv  of  careful 

m 

study ;  f  and  they  have  the  advantage  of  being  almost  en- 
tirely free  from  mathematics,  so  that  the  general  reader  can 
readily  follow  the  reasoning  and  the  experiments  by  which  it 
is  supported.  In  attempting,  as  we  now  propose  to  do,  a  brief 
outline  of  this  modem  theory,  we  gladly  acknowledge  our 
indebtedness  to  both  Professor  Eankine  and  Mr.  Froude. 

A  few  prefatory  remarks  are  necessary  in  explanation  of 
terms  that  will  be  frequently  employed.  Water  is  not,  what 
is  termed,  a  perfect  fluid ;  its  particles  do  not  move  past 
one  another  with  absolute  freedom,  but  exercise  a  certain 
amount  of  rubbing  or  friction  upon  one  another,  and  upon 
any  solid  body  past  which  they  move.  Suppose  a  thin 
board  with  a  plane  surface  to  be  immersed  in  water  and 
moved  end-on,  or  edgewise,  it  will  experience  what  is  termed 


*  See  div.   i.  chap.  v.  of  Shi^  f  See  British  Asst/ciatioii  lieports 

hiUldingy  Theoretical  and  Practical,      for  1875. 
edittHl  by  Professor  llankinc. 
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frietional  resiBtance  fiom  the  water  with  which  its  surface 
comes  into  contact.  The  amoimt  of  this  fictional  resistance 
will  depend  upon  the  area  and  the  length  of  the  plane,  as 
well  as  the  degree  of  roughness  of  its  surface  and  the  speed 
of  its  motion.  If  this  plane  is  moved  in  a  direction  at 
right  angles  to  its  snrface,  it  encounters  quite  a  diSerent 
hind  of  resistance,  termed  direct  or  sometimes  head  resist- 
ance ;  this  depends  upon  the  area  of  the  plane  and  the  speed 
of  its  motion.  Should  the  plane  be  moved  obliquely,  instead 
of  at  right  angles  to  its  snrface,  the  resistance  may  be 
regarded  as  a  compound  of  direct  and  fictional  resistance. 
Supposing  either  direct  or  oblique  motion  to  take  place,  the 
plane  would  leave  an  eddying  "  wake  "  behind  it,  as  indicated 
somewhat  roughly  in  Fig.  117,  and  the  motion  thus  created 
p.„  ._  amongst  the  particles  constitutes 

a  very  important  element  in  their 
resistance  to  the  passage  of  the 
plane.  If  the  plane  ie  not  wholly 
immersed,  or  if  its  upper  edge  is 
nenr  the  surface,  and  it  is  moved 
directly  or  obliquely,  it  will  heap 
up  water  in  front  as  it  advances, 
and  create  waves  which  will 
move  away  into  the  surrounding  water  as  they  are  formed, 
and  will  be  succeeded  by  others.  Such  wave-making 
requires  the  expenditure  of  power,  and  constitutes  a  virtual 
increase  to  the  resistance.  If  the  plane  were  immersed  very 
deeply,  it  would  create  little  or  no  surface  disturbance,  and, 
therefore,  require  less  force  to  propel  it  at  a  certain  speed 
than  would  a  plane  of  equal  immersed  area  moving  at  the 
surface  with  a  portion  situated  above  that  surface.  This 
stetement  is  directly  opposed  to  the  opinion  freqnently 
entertained;  which  confuses  the  greater  hydrodatical 
pressure  on  the  plane,  <lue  to  its  deeper  immersion,  with 
the  dynamical  conditions  incidental  to  motion.  Were  the 
deeply  immersed  plane  at  rest  at  any  depth,  the  pressures 
on  its  front  and   back  surfaces  would   clearly  balance  one 
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another.  When  it  is  moved  ahead  at  a  uniform  speed,  it  has 
at  each  instant  to  impart  a  certain  amount  of  motion  to  the 
water  disturbed  by  its  passage;  but  the  momentum  thus 
produced  is  not  influenced  by  the  hydrostatical  pressures 
on  the  plane,  corresponding  to  the  depth  of  its  immersion. 
Water  is  practically  incompressible ;  apart  from  surface  dis- 
turbance, the  quantity  of  water,  and  therefore  the  weight, 
set  in  motion  by  the  plane,  will  be  nearly  constant  for  all 
depths,  at  any  assigned  speed.  In  other  words,  if  there 
were  no  surface  disturbance,  the  resistance  at  any  speed 
would  be  independent  of  the  depth. 

The  earlier  theories  of  resistance  dealt  almost  exclusively 
with  direct  or  oblique  resistance,  said  little  respecting 
frictional  resistance,  and  nothing  as  to  the  other  kinds. 
Commonly,  the  immersed  surface  of  the  ship  was  assumed  to 
be  subdivided  into  a  great  number  of  pieces,  each  of  very 
small  area,  and  approximately  plane.  The  angle  of  obliquity 
of  each  of  these  elementary  planes  with  the  line  of  advance 
of  the  ship — her  keel-line — was  ascertained ;  and  its  resist- 
ance was  calculated  exactly  as  if  it  were  a  detached  plane 
moving  alone  at  the  assumed  speed.  For  quantitative 
purposes,  experiments  were  to  be  made  with  small  planes  of 
known  area  moved  at  known  speeds,  and  set  at  diflferent 
angles  of  obKquity  ;  the  resistances  being  observed.  It  was 
generally  accepted  that  the  resistance  varied  with  the  area 
of  the  plane,  the  square  of  the  speed,  and  the  square  of  the 
sine  of  the  angle  of  obliquity.  But  obviously  there  was  a 
radical  error  in  applying  imit-forces  of  resistance,  obtained 
from  the  movements  of  detached  planes,  to  the  case  of  a  ship 
where  all  the  hypothetical  elementary  planes  were  associated 
in  the  formation  of  a  fair  curved  surface,  and  none  of  them 
could  have  that  eddying  wake  (like  that  in  Fig.  117)  which 
necessarily  accompanied  each  experimental  plane  and  formed 
so  important  an  element  of  its  resistance.  This  objection 
does  not  apply  to  the  experiments  made  imder  the  auspices 
of  the  French  Academy  of  Sciences,  during  the  last  century, 
by  Bossut,  Condorcet,  D' Alembert,  Romme,  and  others ;  these 
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experiments  having  been  directed  to  the  discovery  of  the 
resistances  experienced  by  soZuJ  "boAies  of  various  forms 
moved  at  different  depths.  Very  few  of  the  models  tried, 
however,  had  any  pretension  to  ship-shaped  forms ;  and  this 
is  also  true  of  the  subsequent  experiments,  made  in  this 
oountry,  by  Beaufoy ;  whose  results  fiirttished  some  of  the 
most  valuable  data  accessible  up  to  the  time  that  Mr.  Froude 
began  his  experiments. 

Satisfactory  experiments  on  the  resistances  of  ships  can 
alone  be  made  with  ship-shaped  models.  This  is  the 
principle  upon  which  Mr.  Froude  has  proceeded  in  his 
experiments,  and  although  many  doubts  were  expressed 
respecting  the  correctness  of  the  results  deduced  from  models 
when  applied  to  full-sized  ships,  there  are  now  good  reasons 
for  trusting  that  method,  some  of  which  reasons  will  be 
stated  further  on. 


The  modem  theory  of  resistance  does  not  make  any 
hypothetical  sabdivision  of  the  immersed  surface  of  a  ship* 
but  regards  it  as  a  whole.  When  such  a  surface,  with  its 
fair  and  comparatively  gentle  curves  (like  those  in  Fig.  118), 
is  submerged  and  drawn  through  water,  the  particles  ar© 
diverted  laterally,  and  can  glide  over  or  past  the  ship  with- 
out sudden  or  abrupt  changes  of  motion,  corresponding  to 
those  which  occur  when  particles  escape  oyer  the  edge  of  the 
plane  in  Fig.  117.  The  paths  of  the  particles  are  indicated 
roughly  in  Fig.  118  by  the  curved  lines,  the  ship-shaped 
body  being  shown  in  black.  After  passing  the  broadest  part 
of  the  vessel,  the  particles  close  in  over  the  after  part,  and. 


CHAP.  XI.  THE  RESISTANCE  OF  SHIPS,  43 1 

gliding  over  the  continuous  surface,  form  only  a  small  wake 
astern. 

In  the  modem  theory,  the  total  resistance  is  considered  to 
be  made  up  of  three  principal  parts :  (1)  frictional  resistance 
due  to  the  gliding  of  particles  over  the  rough  bottom  of  the 
ship;  (2)  "eddy-making"  resistance,  due  to  a  wake  at 
the  stem ;  (3)  surface  disturbance,  or  wave-making  resistance. 
The  second  of  these  divisions  only  acquires  importance  in 
exceptional  cases;  it  is  known  to  be  very  small  in  well- 
formed  ships.  It  will,  therefore,  l>e  necessary  to  bestow 
most  attention  upon  frictional  and  wave-making  resistance, 
to  examine  the  conditions  governing  each,  and  to  contrast 
their  relative  importance.  It  will  be  assumed  throughout 
that  the  ship  is  either  dragged  or  driven  ahead  by  some 
external  force  which  does  not  aJBfect  the  flow  of  the  water 
relatively  to  her  sides.  This  is  the  condition  always 
assumed  when  the  resistance  of  a  ship  is  being  treated. 
It  is  advantageous  to  separate  propulsion  from  resistance, 
since  the  latter  depends  in  all  ships  upon  the  form,  pro- 
portions, and  condition  of  the  bottom ;  whereas  there  are 
many  means  of  propelling  ships.  It  will  be  shown  hereafter 
that  the  action  of  a  propeller,  especially  of  the  screw  pro- 
peller, produces  a  virtual  increase  of  the  resistance,  and  that 
of  serious  amount ;  but,  for  the  present,  let  it  be  supposed 
that  the  ship  advances  either  by  running  before  the  wind 
or  by  being  towed  a  considerable  distance  clear  of  another 
ship. 

Suppose  the  ship  to  be  moving  ahead  at  uniform  speed 
through  an  ocean  unlimited  in  extent,  and  motionless  except 
for  the  disturbance  produced  by  the  passage  of  the  ship. 
Under  the  conditions  assumed,  there  will  obviously  be  no 
change  in  the  relative  motions  of  the  ship  and  the  water  if 
she  is  supposed  to  remain  fixed,  while  the  ocean  flows  past 
her  at  a  speed  equal  to  her  own,  but  in  the  opposite  direction 
to  that  in  which  the  ship  really  moves.  Making  this  alter- 
native supposition  has  the  advantage  of  enabling  one  to  trace 
more  simply  the  character  of  the  disturbances  produced  by 
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introducing  the  solid  hull  of  the  ship  at  a  certain  speed 
into  water  which  was  previously  undisturbed.  First,  let  the 
water  be  assumed  to  be  frictionless,  and  the  bottom  of  the 
ship  to  be  perfectly  smooth.  These  are  only  hypothetical 
conditions,  but  it  is  possible  at  a  later  stage  of  the  inquiry 
to  introduce  the  corrections  necessary  to  represent  the  actual 
conditions  of  practice.  Take  any  set  of  particles  situated  a 
long  distance  before  the  ship,  and  moving  in  a  line  parallel 
to  her  keel.  If  the  ship  were  not  immersed  in  the  ocean 
current,  these  particles  would  continue  to  move  on  in  the 
same  straight  line,  which  would  be  horizontal.  When  the 
ship  is  immersed,  her  influence  upon  the  motion  of  the 
particles  may  extend  to  a  very  long  distance  ahead,  but 
there  will  be  some  limit  beyond  which  the  influence  practically 
does  not  extend;  and  outside  this,  the  particles  whose  motion 
is  being  traced  will  be  moving  at  a  steady  speed  in  a  hori- 
zontal line  parallel  to- the  keeL  As  they  approach  the  ship, 
however,  their  path  must  be  diverted  in  order  that  they 
may  pass  her ;  and  this  diversion  will  be  accompanied  by  a 
change  in  their  speed.  Supposing  for  the  sake  of  simplicity 
that  the  particles  maintain  the  horizontality  of  their  motion, 
and  are  only  diverted  laterally :  then,  as  they  approach  the 
bow  of  the  ship,  they  will  move  out  sideways  from  the  keel- 
line,  and  lose  in  their  speed  of  advance.  Many  considera- 
tions must  govern  the  extent  of  this  lateral  diversion  and 
loss  of  speed ;  such  as  the  form  of  the  bow,  the  extreme 
breadth  of  the  ship,  and  the  athwartship  distance  from  the 
line  of  the  keel  of  the  original  line  of  flow  of  the  particles. 
After  the  midship  part  of  the  ship  has  been  passed,  and  her 
breadth  begins  to  decrease,  the  path  of  the  particles  will 
converge  towards  the  keel-line  ;  and  their  speed,  which  had 
reached  its  maximum  amidships,  will  again  receive  a  check. 
Finally,  after  flowing  past  the  ship,  and  attaining  such  a 
distance  astern  as  places  them  beyond  the  disturbing 
influence  of  the  ship,  the  particles  will  regain  their  origin«i 
direction  and  speed  of  flow,  provided  that  there  is  no  surface 
disturbance.      This  last-mentioned  condition  could  only  be 
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fdlfilled  in  the  case  of  a  vessel  wholly  immersed,  at  a  great 
depth,  below  the  surface  of  an  ocean  limitless  in  depth ;  in 
the  case  of  the  sliips  which  are  only  partly  immersed,  the 
xetardations  and  accelerations  described  must  cause  the 
formation  of  bow  and  stem  waves,  and  these  we  shall 
consider  further  on. 

Although  we  have  assumed,  for  the  sake  of  simplicity,  in 
the  foregoing  remarks  that  the  particles  maintain  their 
horizontality  of  flow,  it  should  be  understood  that  the 
assumption  is  not  supposed  to  represent  the  actual  motion  of 
the  water  in  passing  a  ship.  Diversion  from  the  original 
line  of  flow  is  almost  certain  to  have  a  vertical  as  well  as  a 
lateral  component ;  but  as  to  the  paths  actually  traversed  by 
particles,  we  have  little  exact  knowledge.  Mr.  Scott  Eussell 
is  of  opinion  that  at  the  foremost  part  of  a  ship  the  particles 
move  in  layers  which  are  almost  horizontal ;  while  at  the 
stem  the  particles  have  a  considerable  vertical  component  in 
their  motion,  besides  converging  laterally.  Professor  Bankine 
asserts  that  '^  the  actual  paths  of  the  particles  of  water  in 
"  gliding  over  the  bottom  of  a  vessel  are  neither  horizontal 
"  water-lines  nor  vertical  buttock-lines,  but  are  intermediate 
"  in  position  between  those  lines,  and  approximate  in  well- 
"  shaped  vessels  to  the  lines  of  shortest  distance,  such  as  are 
"  followed  by  an  originally  straight  strake  of  plank,  when 
"  bent  to  fit  the  shape  of  the  vessel."  But,  whatever 
paths  may  be  followed,  if  at  a  considerable  distance  astern 
of  a  ship,  wholly  submerged  in  a  frictionless  fluid,  the 
particles  have  regained  their  original  direction  and  speed 
of  flow,  which  they  had  at  a  considerable  distance  ahead 
of  the  ship,  then  their  flow  past  the  ship  will  impress 
no  end-wise  motion  upon  her.  To  this  point  we  shall 
recur. 

Professor  Bankine  has  laid  down  geometrical  rules  for 
constructing  the  paths,  or  "  stream-lines,"  along  which  the 
particles  of  a  frictionless  fluid  would  flow  in  passing  a  body 
very  deeply  submerged,  supposing  the  particles  to  move  in 
plane  layers  of  uniform  thickness.     Fig.  119  has  been  con- 
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Btrncted  by  Mr.  Froude  in  accordance  with  these  mles.*  The 
form  of  the  immersed  body  with  its  comparatively  blunt  bow 
and  stem  is  indicated  m  black ;  the  carved  lines  indicate  the 
paths  of  particles.  Between  any  two  of  these  stream-lines,  the 
same  particles  would  be  foimd  throughout  the  motion,  and 
these  would  form  a  "  stream  "  of  which  the  stream-lines  mark 
the  boundaries.  It  will  be  noted  that,  as  the  streams  approach 
the  bow,  they  broaden,  their  speed  being  checked,  and  the 
particles  diverted  laterally ;  the  amount  of  this  diversion 
decreases  as  the  athwartehip  distance  of  the  stream  from  the 
keel-line  increases,  and  at  some  distance  athwartehip  the 
departure  of  the  stream-lines  from  parallelism  with  the  keel. 


FIG.II9 


even  when  passing  the  ship,  would  be  very  slight  indeed. 
As  the  streams  move  aft  &om  the  bow,  they  become  narrowed, 
having  their  minimum  breadth  amidships,  where  the  speed 
of  flow  is  a  maximum.  Thence,  on  to  the  stem,  the  streams 
converge,  broaden,  lose  in  speed,  and  finally  at  some  distance 
astern  resume  their  initial  direction  and  speed.  Since  there 
is  no  friction,  there  can  be  no  eddying  wake. 

80  much  for  a  vessel  wholly  submerged;  a  ship  only 
partly  immersed  would  be  differently  situated,  because  even 
in  &  frictionless  fluid  she  would  produce  surface  disturbance. 
At  the  bow,  where  the  streams  broaden  and  move  more 
slowly,  a  wave  crest  will  be  formed,  of  the  character  shown  in 


1 


*  See  the  addresa  lo  the  MecliaDi-  thod  is  described  at  pi^es  106, 107 
calSectioDortbeBritiBhAAKiciatioD  of  ShipbuHdittg,  Theoretical  and 
ID  1875.    Profeasor  Bankine's  me-      Practiad. 
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Fig.  120 ;  amidships,  where  the  conditions  are  reversed,  some 
depression  below  the  normal  water-line  will  probably  occur ; 
and  at  the  stem,  where  the  conditions  resemble  those  forward, 
another  wave  crest  will  be  formed.  Between  the  bow  and 
stem  waves  a  train  of  waves  may  also  exist,  under  certain 
circumstances.  The  existence  of  such  waves,  when  actual 
ships  are  driven  through  the  water,  is  a  well-known  fact ; 
every  one  readily  sees  why,  at  the  bow,  water  should  be 
heaped  up,  and  a  wave  formed,  but  the  existence  of  the 
stern  wave  is  more  difficult  to  understand.  As  remarked 
above,  there  is  but  one  reason  for  both  phenomena.  A 
check  to  the  motion  of  the  particles  is  accompanied  by  an 
increase  of  pressure  ;  the  pressure  of  the  atmosphere  above 

FIG.I20 


the  water  is  practically  constant,  and  hence  the  increase  of 
pressure  in  the  water  must  produce  an  elevation  above  the 
normal  level,  that  is  to  say,  a  wave  crest.  Conversely, 
amidships,  accelerated  motion  is  accompanied  by  a  dimi- 
nution of  pressure,  and  there  is  a  fall  of  the  water  surface 
below  the  still-water  level,  unless  the  intermediate  train  of 
waves  should  somewhat  modify  the  conditions  of  the  stream- 
line motion. 

These  waves  require  the  expenditure  of  force  for  their 
creation,  and,  when  formed,  they  may  travel  away  into  the 
surrounding  fluid,  new  waves  in  the  series  being  created.  In 
the  case,  therefore,  of  a  ship  moving  at  the  surface  of 
frictionless  water,  the  only  resistance  to  be  overcome  will 
be  that  due  to  surface  disturbance.  For  the  wholly  sub- 
merged body  which  creates  no  waves  there  will  be  no 
resistance,  when  once  the  motion  has  been  made  uniform ; 
the  stream  lines  once  established  in  a  frictionless  fluid  will 
maintain  their  motion  without  further  expenditure  of  power. 

This  remarkable  result  follows  directly  irorn  a  general 
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principle,  which  is  thus  stated  by  Professor  Bankine: — 
**  When  a  stream  of  water  has  its  motion  modified  in  passing 
**  a  solid  body,  and  returns  exactly  to  its  original  velocity 
**  and  direction  of  motion  before  ceasing  to  act  on  the  solid 
**  body,  it  exerts  on  the  whole  no  resultant  force  on  the  solid 
**  body  because  there  is  no  permanent  change  of  its  momen- 
"  tum."  In  every  stream  surrounding  the  submerged  body 
in  Fig.  119,  this  has  been  shown  to  hold ;  each  stream  regains 
its  initial  direction  and  velocity  astern  of  the  body.  The 
partially  immersed  ship  in  the  frictionless  water  diflfers 
from  the  submerged  ship  in  producing  surface  disturbance. 

Perhaps  the  general  principle  will  be  better  understood  if 
we  borrow  one  of  Mr.  Froude's  many  simple  and  beautiful 
illustrations.   Taking  a  perfectly  smooth  bent  pipe  (Fig.  121), 


he  supposes  it  to  be  shaped  symmetrically,  and  divides  it 
into  four  equal  and  similar  lengths,  AB,  BC,  CD,  DE.  The 
ends  of  the  pipe  at  A  and  E  are  in  the  same  straight  line ;  a 
stream  of  frictionless  fluid  flows  through  it,  and  has  uniform 
speed  throughout.  From  A  to  B  may  be  supposed  to 
correspond  to  the  forward  part  of  the  entrance  of  a  ship, 
where  the  particles  have  to  be  diverted  laterally,  and  react 
upon  the  inner  surface  of  the  pipe,  as  indicated  by  the  small 
arrows/,/,/,  the  resultant  of  these  normal  forces  being  G. 
At  the  other  end  of  the  pipe,  from  D  to  E  may  be  taken  to 
represent  the  "  run  "  of  a  ship,  where  the  stream-lines  are 
converging  and  tending  to  resume  their  original  directions ; 
on  DE  there  will  be  a  resultant  force  J  equal  to  G.  Similarly, 
the  resultant  forces  on  the  other  two  parts  BC  and  CD  are 
equal.  The  final  result  is  that  the  four  forces  exactly 
neutralise  one  another,  and  there  is  no  tendency  to  force  the 
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pipe  on  in  the  direction  of  the  straight  line  joining  A  to  E, 
although  at  first  sight  it  would  appear  otherwise.  The 
same  thing  will  be  true  if,  instead  of  being  uniform  in  section, 
the  pipe  is. of  varying  size;  and  if  instead  of  being  sym- 
metrical in  form,  it  is  not  so :  provided  only  that  at  the 
end  E  the  fluid  resumes  the  velocity  it  had  at  A  and  flows, 
out  in  the  same  direction.  The  forces  required  to  produce 
any  intervening  changes  in  velocity  and  direction  must 
have  mutually  balanced  or  neutralised  one  another,  as 
in  the  preceding  example,  before  the  stream  could  have 
returned  to  its  original  velocity  and  direction  of  motion. 

Applying  these  principles  to  the  stream-lines  surrounding 
a  ship,  it  will  be  possible  to  remove  one  or  two  diflSculties 
which  have  given  rise  to  erroneous  conceptions.    It  has  been 
supposed,  for  example,  that  a  ship  in  motion  had  to  exert 
considerable  force  in  order  to  draw-in  the  water  behind  her 
as  she  advanced.      As  a  matter  of  fact,  however,  the  after 
part  of  a  ship  has  not  to  exercise  "  suction  "  at  the  expense 
of   an  increased    resistance,  but    sustains    a  considerable 
forward  pressure  from  the  fluid  in  the  streams  closing  in 
aroimd  the  stem.     Any  cause  which  prevents  this  natural 
motion  of  the  streams,  and  reduces  their  forward  pressure  on 
the  stem — such  as  the  action  of  a  screw-propeller — causes  a 
considerable  increase  in  the  resistance,  because  the  back- 
ward pressures  on  the  bow  are  not  then  so  nearly  balanced  by 
the  forward  pressures  on  the  stern.    Again,  it  will  be  evident 
that — apart  from  its  influence  on  surface  disturbance — the 
extent  of  the  lateral  diversion  of  the  streams,  in  order  that 
they  may  pass  the  midship  part  of  the  ship,  does  not  affect 
the  resistance  so  much  as  might  be  supposed ;  since  the  work 
done  on  the  foremost  part  of  the  ship  in  producing  these 
divergences  is,  so  to  speak,  given  back  again  on  the  after  part 
where  the  streams  converge.     Very  considerable  importance 
attaches,  however,  to  the  lengths  at  the  bow  and  stem  over 
which  the  retardations  of  the  particles  extend ;  since  these 
lengths  exercise  considerable  influence  upon  the  lengths  of 
the  bow  and  stern  waves  created  by  the  motion  of  the  ship^ 
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Andy  further,  the  ratios  of  these  len^hs  of  entrance  and  run 
to  the  extreme  breadth  of  the  ship  must  be  important^  as 
well  as  the  curvilinear  forms  of  the  bow  and  stem,  since  the 
extent  to  which  the  particles  are  retarded  in  gliding  past 
the  ship  must  be  largely  influenced  by  these  features ;  and, 
as  we  have  seen,  the  heights  of  the  waves  will  depend  upon 
the  maximum  values  of  the  retardations.  In  other  words, 
with  the  same  lengths  of  entrance  and  run,  di£ferences  in  the 
**  fineness "  of  form  at  the  bow  and  stem  may  cause  great 
differences  in  the  heights  of  the  waves  created,  as  well  as  in 
the  energy  required  to  create  and  maintain  such  waves. 

Such  are  the  principal  features  of  the  stream-line  theory 
of  resistance  for  frictionless  fluids  and  smooth-bottomed 
ships.  The  sketch  has  been  necessarily  brief  and  imperfect, 
but  it  will  serve  as  an  introduction  to  the  more  important 
practical  case  of  the  motions  of  actual  ships  through  water. 
Between  the  hypothetical  and  actual  cases  there  are  certain 
important  differences.  First,  and  by  far  the  most  important, 
is  the  frictional  resistance  of  the  particles  of  water  which 
glide  over  the  bottom ;  secondly,  friction  of  the  particles  on 
one  another  in  association  with  certain  forms,  especially  at 
the  stems  of  ships,  may  produce  considerable  eddy-making 
resistance,  although  this  is  not  a  common  case;  thirdly, 
friction  may  so  modify  the  stream-line  motions  as  to  alter 
the  forms  of  the  waves  created  by  the  motion  of  the  ship, 
and  somewhat  increase  the  resistance. 

First,  as  to  frictiondl  resistance.  Its  magnitude  depends 
upon  the  area  of  the  immersed  surface  of  the  ship,  upon  the 
degree  of  roughness  of  that  surface,  or  its  "coeiBScient  of 
friction,"  upon  the  length  of  the  surface,  and  upon  the  velocity 
with  which  the  particles  glide  over  the  surface.  From  what 
has  been  said  above,  it  will  appear  that  this  velocity  of 
gliding  varies  at  different  parts  of  the  bottom  of  a  ship,  being 
slower  at  the  bow  and  stem  than  it  is  amidships.  But,  after 
making  many  experiments,  Mr.  Froude  has  come  to  a  con- 
clusion which  greatly  simplifies  the  calculation  of  this  im- 


CHAP.  XI.  THE  RESISTANCE  OF  SHIPS.  439 

• 

portant  factor  in  the  total  resistance.  •  He  affirms  that  no 
sensible  error  is  involved  in  calculating  the  frictional  resist- 
ance ''  upon  the  hypothesis  that  the  immersed  skin  is  equi- 
"  valent  to  that  of  a  rectangular  surface  of  equal  area,  and 
"  of  length  (in  the  line  of  motion)  equal  to  that  of  the  model, 
"  moving  at  the  same  speed."  Hence,  it  is  only  necessary 
to  experiment  with  such  a  plane  surface  as  will  enable  the 
proper  coefficient  of  friction  to  be  found,  then  to  measure  the 
immersed  surface  of  the  ship,  and  to  apply  the  coefficient, 
neglecting  the  slight  variations  in  speed  of  the  particles  at 
different  parts  of  the  surface. 

Mr.  Froude  has  made  a  series  of  such  experiments  for  the 
Admiralty,  and  the  results,  which  have  been  published,*  will 
well  repay  careful  study.  Space  will  only  permit  us  to  give 
one  or  two  facts  deduced  from  these  experiments.  First,  it 
seems  to  be  established  that  frictional  resistance  varies  very 
nearly  as  the  square  of  the  velocity,  this  having  been  the  law 
formerly  assumed  to  hold,  provided  the  area,  length,  and 
condition  of  the  surface  remain  unchanged.t  Second,  the 
length  of  the  surface  appears  to  have  an  important  effect 
upon  the  mean  resistance  in  pounds  per  square  foot  of 
surface.  For  instance,  a  plane  8  feet  long  coated  with  varnish, 
and  moving  at  a  speed  of  600  feet  per  minute,  was  found 
to  have  a  mean  resistance  of  0*325  lb.  per  square  foot  of 
surface ;  whereas  a  similar  plane  50  feet  long,  moving  at 
the  same  speed,  had  a  mean  resistance  20  per  cent,  less  (viz. 
0*25  lb.  per  square  foot).  For  greater  lengths  than  50  feet, 
it  appears  that  the  mean  resistance  per  square  foot  of  area 
remains  nearly  the  same  as  for  the  plane  50  feet  long ;  being 
so  little  less  that  the  decrease  may  be  neglected  in  dealing 
with  ships  300  or  400  feet  long.  In  comparing  the  resist- 
ances of  a  small  model  and  a  full-sized  ship,  however, 
the  allowance  for  difference  of  length  is  very  important, 


•  In  the  Reports  of  the  British      ance  varied  as  the  1*8  or  1*9  power 
Association  and  elsewhere.  of  the  velocity, 

t  For  most  surfaces  the  resist- 
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especially  at  high  speeds ;  and  this  correction  always  appears 
in  the  records  of  the  experiments  made  by  Mr.  Froude. 
The  explanation  of  this  experimental  fact  is  best  given  in 
the  words  of  its  discoverer.  "  The  portion  of  surface  that 
"  goes  first  in  the  line  of  motion,  in  experiencing  resistance 
*'  from  the  water,  must  in  turn  communicate  motion  to  the 
"  water  in  the  direction  in  which  it  is  itself  travelling ;  con- 
"  sequently  the  portion  of  the  surfetce  which  succeeds  the 
^^  first  will  be  rubbing,  not  against  stationary  water,  but 
''  against  water  partially  moving  in  its  own  direction ;  and 
**  cannot,  therefore,  experience  as  much  resistance  from  it.** 

A  third  important  deduction  is  the  great  increase  in 
frictional  resistance  which  results  from  a  very  slight 
difference  in  the  apparent  roughness  of  the  surface.  For 
instance,  Mr.  Froude  discovered  that  the  frictional  resistance 
of  a  surface  of  unbleached  calico — ^not  a  very  rough  surface 
— was  about  double  that  of  a  vcumished  surface.  This 
varnished  burface,  it  is  interesting  to  note,  gave  results  just 
equal  to  a  surface  coated  with  smooth  painty  tallow,  or  com- 
positions such  as  are  commonly  used  on  the  bottoms  of  iron 
ships.  'The  frictional  resistance  of  such  a  surface  moving  at  a 
speed  of  600  feet  per  second  would  be  about  \  lb.  per  square 
foot ;  which  would  give  a  frictional  resistance  of  about  1  lb. 
per  square  foot  of  immersed  surface  for  the  clean  bottoms  of 
iron  ships  when  moving  at  a  speed  of  about  12-8  knots.  This 
unit  is  worth  noting.  It  is  also  easy  to  see,  since  a  slight 
increase  in  roughness  doubles  the  frictional  resistance  at  any 
speed,  why  foulness  of  the  bottom,  especially  in  iron  ships, 
often  causes  a  considerable  loss  of  speed. 

Frictional  resistance  is  the  most  important  element  of  the 
total  resistances  of  ships ;  and  in  well-formed  ships  moving 
at  moderate  speeds  it  constitutes  nearly  the  whole  of  the 
resistance.  This  fact  has  been  established  experimentally, 
but  was  predicted  on  theoretical  grounds.  The  experiments 
made  by  Mr.  Froude  on  her  Majesty's  ship  Oreyhound,  and 
those  made  by  him  on  numerous  models,  show  that  for 
speeds  of  from  6  to  8  knots — or  about  the  half-speed  of 
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ordinary  ships — ^the  frictional  resistance  with  clean  bottoms 
is  80  or  90  per  cent,  of  the  total  resistance,  and  at  the  full 
speeds,  even  of  the  swiftest  ships,  the  frictional  resistance 
equals  60  or  70  per  cent,  of  the  total  resistance.*  When 
the  bottoms  become  foul,  and  the  coefficients  of  friction  are 
doubled  or  trebled  in  consequence,  frictional  resistance,  of 
course,  assumes  a  still  more  important  place ;  the  practical 
effect  of  which  is,  as  already  remarked,  a  great  loss  of  speed, 
or  a  considerably  greater  expenditure  of  power  in  reaching  a 
certain  speed. 

It  will  have  been  remarked  that  the  method  of  estimating 
the  frictional  resistance  on  the  immersed  surface  of  a  ship 
by  comparison  with  that  of  an  immersed  plane  of  equal  area 
and  length,  as  well  as  of  the  same  degree  of  roughness,  takes 
no  account  whatever  of  the  forms  and  proportions  of  ships. 
Two  ships  of  very  diflFerent  forms,  but  of  equal  area  of  bottom 
Hnd  equal  length,  will  have  the  same  frictional  resistance 
for  the  same  speed ;  but  they  are  likely  to  have  different 
total  resistances.  The  influence  of  form  and  proportion  is 
greatest  at  high  speeds,  and  it  is  chiefly  felt  in  the  direction 
of  surface  disturbance  or  wave-making ;  eddy-making  or 
wake  formation  also  depends  upon  form,  especially  at  the 
stern. 

All  investigators  agree  that  in  well-formed  ships  with 
easy  curves  at  the  entrance  and  run  eddy-making  resistance 
will  be  small.  The  frictional  "  drag  "  of  the  ship  upon  the 
particles  of  water  which  glide  past  it  impresses  upon  them  a 
forward  velocity  in  all  cases,  and  forms  a  wake ;  this  will 
have  but  a  small  speed  and  momentum  in  well-formed  ships, 
and  will  probably  be  proportioned  to  the  frictional  resistance. 
Mr.  Froude  estimates  that  eight  per  cent,  of  the  frictional 
resistance  is  a  fair  allowance  for  eddy-making  in  a  well- 


*  For  details  in  support  of  theso      and  xvii.  of  the  Transactions  of  the 
statements,  see  the  papers  contri-       Institution  of  Naval  Architect:^, 
bated   by  Mr.  Froude  to  vols.  xv. 
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formed  ship,  when  (to  revert  to  our  old  illustration)  the 
Btream-lines  would  converge  easily  towards  the  stem,  and 
have  regained  very  nearly  their  original  velocities  and 
directions  before  they  leave  the  ship.  With  a  full  stem, 
and  abrupt  instead  of  gently  curved  terminations  to  the 
water-lines  of  a  ship,  the  particles  of  water  cease  to  act  upon 
her  at  a  period  when  they  still  retain  a  considerable  forward 
velocity ;  and  the  momentum  thus  created,  and  not  given 
back  in  forward  pressure  on  the  stem,  is  a  virtual  increase  to 
the  resistance.  Behind  the  stem  of  such  a  vessel  will  lie  a 
mass  of  so-called  "  dead-water,"  an  eddying  wake  like  that 
behind  the  plane  in  Fig.  117.  Such  a  form  of  stem  is 
objectionable,  and  is  never  adopted  unless  its  use  is  un- 
avoidable in  order  to  fulfil  other  and  more  important 
conditions  than  those  affecting  the  resistance.  The  floating 
batteries  built  during  the  Crimean  War  were  constructed 
with  very  full  stems,  and  great  displacement  in  proportion 
to  their  extreme  dimensions ;  their  performances  under  steam 
were  very  indifferent  as  compared  with  those  of  better- 
formed  ships.  But  they  were  designed  for  very  special 
services,  to  float  heavy  guns  and  armour,  and  economical 
propulsion  was  not  made  a  feature  in  their  designs. 

Next  as  to  wave-making  resistance.  The  general  character 
of  the  causes  which  create  waves  at  the  bows  and  stems  of 
ships  moving  in  a  frictionless  fluid  have  already  been 
sketched,  but  may  be  again  briefly  stated.  At  the  bow  and 
stem,  the  motion  of  the  particles  of  water  relative  to  the 
ship  has  its  minimum,  and  there  are  wave  crests ;  amidships 
the  relative  motion  has  its  maximimi  speed,  and  there  may  be 
a  wave  hollow.  In  other  words,  considering  the  ship  as  in 
motion  and  the  water  as  motionless  except  for  the  motion 
she  impresses  upon  it,  the  particles  of  water  at  the  bow  and 
stem  will  have  motion  in  the  same  direction  as  the  ship ; 
those  amidships  will  have  motion  in  the  opposite  direction. 
Besides  these  two  principal  wave  crests  at  the  bow  and  stern, 
there   may   be   other  minor   waves    created ;    the   general 
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principle  being  that  a  crest  will  be  fonkied  wherever  the 
particles  attain  a  maximum  speed  in  the  direction  of  the 
advance  of  the  ship ;  and  a  hollow  will  be  formed  where  the 
particles  have  a  maximum  speed  in  the  opposite  direction. 
The  main  bow  wave  may  also  be  followed  by  a  train  of 
waves,  successive  waves  in  the  series  having  diminished 
heights. 

In  a  frictional  fluid  like  water  there  will  be  some 
differences  in  the  wave-making  from  that  sketched  for  the 
frictionless  fluid.  There  will  be  a  bow  wave  as  before ;  but 
the  frictional  drag  of  the  ship  upon  the  particles  of  water 
will  alter  the  wave  form,  and  probably  change  the  position 
of  the  crtst.  Amidships  the  frictional  drag  will  necessarily 
diminish,  and  possibly  destroy,  the  stemward  motion  of  the 
particles ;  so  that  there  may  be  little  or  no  depression  of 
the  water  there  below  its  normal  level  in  consequence  of 
the  stream-line  motion.  At  the  stem,  friction  will  similarly 
modify  the  wave  of  replacement,  giving  the  particles  a 
greater  forward  velocity  than  they  would  have  in  a  friction- 
less  fluid. 

It  will,  of  course,  be  remembered  that  throughout 
this  discussion  no  propeller  is  supposed  to  be  in  action, 
which  could  modify  the  relative  motions  of  the  water  and 
the  ship.  But  it  is  worth  notice  that  the  action  of  pro- 
pellers may  create  additional  wave  crests,  or  modify  con- 
siderably those  formed  by  the  ship.  Paddle-wheels,  for 
example,  placed  nearly  amidships,  accelerate  the  stemward 
motion  of  particles,  and  produce  an  additional  wave.  Screw- 
propellers,  on  the  contrary,  being  placed  aft,  give  stemward 
motion  to  the  particles,  and  tend  to  degrade  the  stem  wave,  as 
well  as  to  cause  considerably  greater  resistance  by  partially 
destroying  the  forward  pressure  of  the  water  upon  the  stem ; 
but  they  also  create  a  local  upheaval  of  the  water,  and 
confuse  the  phenomena  of  the  waves. 

Confining  attention  for  the  present  to  the  bow  wave — 
sometimes  termed  the  "wave  of  displacement" — let  us 
endeavour  to  illustrate  a  matter  of  great  practical  importance 
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to  which  allusion  has  already  been  made :  viz.  the  intimate 
connection  which  should  exist  between  the  intended  full 
speed  of  a  ship  and  the  length  of  her  "  entrance."  *  The 
length  of  the  bow  wave  from  crest  to  hollow  depends  upon 
the  length  of  the  entrance;  in  other  words,  during  each 
interval  occupied  by  a  ship  in  advancing  through  a  distance 
equal  to  the  length  of  her  entrance,  the  sets  of  particles  then 
contiguous  thereto  have  to  undergo  the  accelerations  which 
lead  to  the  production  of  the  bow  wave.  This  interval  of 
time  depends  upon  the  ratio  of  the  length  of  entrance  to  the 
speed  of  the  ship.  Furthermore,  it  is  a  well-known  fact  that 
deep-sea  waves,  once  formed,  will  travel  over  immense 
distances  without  any  great  loss  or  speed,  and  that  their 
speeds  depend  directly  upon  their  lengths.  The  rules 
previously  given  for  deep-sea  waves  may  be  considered  to 
hold  fairly  well  also  for  the  waves  which  are  created  by  ships 
moving  in  deep  water ;  applying  them,  it  is  easy  to  ascertain 
the  speed  at  which  a  wave  will  move  naturally,  when  its 
length  equals  the  length  of  entrance  of  a  ship,  or  to  discover 
what  will  be  the  length  of  a  wave  which  has  a  speed  equal 
to  the  intended  maximum  speed  of  the  ship.f  Supposing  the 
maximum  speed  of  the  ship  to  be  known,  then  the  naval 
architect  knows  that,  if  the  length  of  her  entrtince  is  made 
suflSciently  great  to  form  a  bow  wave  having  a  natural  speed 
at  least  as  great  as  the  speed  of  the  ship,  the  wave-making 
resistance  may  be  made  as  small  as  is  possible  concurrently 
with  other  essential  conditions.  On  the  other  hand,  with  a 
less  length  of  entrance,  forming  a  bow  wave  of  which  the 
natural  speed  is  less  than  the  maximum  speed  of  the  ship, 
it  may  be  taken  for  granted  that  the  wave-making  resist- 


♦  By  "  entrance "   is  meant  the  t  For  these  rules,  see  page  167. 

part  of  the  ship  bounded  by  the  The  case  of   motion   of  shij«   in 

stem  and  the  foremost  athwartship  shallow  water  is  so  special  that  it 

aection  which  has  the  full  dimen-  cannot   now   be   considered.     For 

sions  of  the  midship  section.    The  sea-going  ships  the  conditions  of  tlie 

"run "is  the  corresponding  length  text  are  fulfilled. 
at  the  stern. 
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ance  will  assume  serious  proportions  relatively  to  the  other 
factors  of  the  resistance. 

Very  similar  remarks  apply  to  the  relations  whiclf  should 
be  secured  between  the  length  of  the  "  run  "  of  a  ship — upon 
which  the  length  and  natural  speed  of  the  stem  wave  depend 
—and  the  maximum  speed  at  which  the  ship  is  to  be  driven. 
Unless  the  length  of  the  run  is  sufficient,  a  serious  increase 
in  the  wave-making  resistance  may  be  looked  for  as  the  full 
speed  is  approached. 

With  the  same  lengths  of  entrance  and  run,  very  different 
forms  and  proportions  of  length  to  breadth  may  have  to  be 
associated,  in  order  to  fulfil  changed  conditions.  Two  ships, 
for  example,  may  have  nearly  the  same  area  of  immersed 
skin,  but  in  the  one  the  proportion  of  length  to  breadth 
may  be  much  smaller  than  in  the  other ;  and  although  the 
lengths  of  entrance  and  run  correspond  in  the  two  cases,  the 
water-lines  of  the  shorter  ship  may  be  bluffer  than  those  of 
the  longer  ship.  It  would  then  be  reasonable  to  suppose 
that  the  frictional  and  eddy-making  resistances  of  the  two 
ships  would  be  practically  equal  iot  any  assigned  speed ;  but 
the  wave-making  resistances  might  differ  considerably,  the 
shorter,  bluffer  ship  creating  much  greater  disturbance. 
And  this  increase  in  wave-making  resistance  might  have  to 
be  incurred  in  order  that  other  conditions,  even  more  im- 
portant than  those  relating  to  diminution  of  resistance,  might 
be  fulfilled.  Hence  it  appears  that  in  ships  having  lengths 
of  entrance  and  run  amply  sufficient  to  fulfil  the  condition 
stated  above,  differences  in  forms  and  proportions  of  the  bows 
and  stems  may  produce  corresponding  differences  in  the 
heights  of  the  bow  and  stem  waves,  as  well  as  in  the  forces 
required  to  create  and  maintain  such  waves,  these  forces 
varying  with  the  heights.  At  present,  however,  we  are 
not  concerned  with  this  general  question  of  the  variation  of 
resistance  produced  by  changes  in  the  form  and  proportions, 
but  simply  desire  to  explain  the  important  practical  rule 
that  certain  minimum  lengths  of  entrance  and  run  pro- 
portioned to  the  full  speeds  should  be  provided,  and  can  be 
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provided,  in  nearly  all  ships,  no  matter  what  forms  and  pro- 
portions may  have  been  determined  upon  in  order  to  fulfil 
their  special  conditions  of  serrice.  Unless  these  minimum 
lengths  are  secured,  the  wave-making  resistance  at  the  ftdl 
speeds  piust  assume  undue  importance. 

The  kwB  which  govern  the  wave-making  resistance  are 
not  yet  fully  understood ;  but  the  following  explanation  of 
the  n^pid  increase  in  the  magnitude  of  that  resistance, 
which  takes  place  when  a  certain  limit  of  speed  is  exceeded, 
appears  reasonable.    If  the  lengths  of  entrance  and  run  are 
sufficient  for  the  intended  full  speed,  the  bow  and  stem 
wavep,  once  formed,  will  have  such  a  natural  speed  that  they 
can  travel  with  ihe  ship^  causing  but  little  additional  resistance 
by  the  expenditure  of  power  required  to  maintain  them. 
The  case  is  parallel  to  that  of  the  deep-sea  waves  maintaining, 
their  speeds  while  they  travel  long  distances;   with  this 
difference,  that  the  bow  and  stem  waves  have  to  be  main- 
tained at  their  full  heights,  at  the  expense  of  a  virtual 
increase  in  the  resistance  of  the  ship.    On  the  other  hand,  if 
the  lengths  of  entrance  and  mn  are  insufficient  for  the 
intended  full  speed,  the  natural  speed  of  the  bow  and  stem 
waves  will  be  less  than  the  full  speed  *of  the  ship,  and  in 
order  that  the  waves   may  accompany  her,  their  speed 
will  have  to  be  accelerated.     Hence  it  follows  that,  instead 
of  travelling  with    the  ship,   these  slower-moving   waves 
diverge  from  her  path,  carrying  off  into  still  water  the 
energy  she  has  impressed  upon  them.   The  ship  has  therefore 
to  be  continually  creating  new  waves  as  she  advances,  the 
power  thus  expended  being  a  virtual  increase  in  the  re- 
sistance, often  of  a  serious  character.   This  cause  of  increased 
resistance  begins  to  operate  only  when  the  speed  of  the  ship 
exceeds  the  natural  speed  of  the  waves  corresponding  to  the 
lengths  of  entrance  and  run  ;  it  may  therefore  be  anticipated 
that  in  a  vessel,  defectively  formed  as  to  the  length  of 
entrance  or  length  of  run,  the  law  of  her  resistance  will 
undergo  a  sudden  change  when  her  speed  passes  beyond 
that  of  the  natural  speed  of  her  bow  and  stem  waves. 
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Numerous  experiments  have  confirmed  the  general  accuracy 
of  this  view  of  the  subject ;  and  one  or  two  illustrations  will 
be  given  hereafter. 

Mr.  Scott  Russell  first  drew  attention  to  the  importance 
of  wave-making  resistance,  and  its  relation  to  the  length  of 
entrance  and  run.  His  researches  on  this  subject  famished 
the  data  upon  which  his  well-known  "  wave-line  theory  "  of 
constructing  ships  was  based.*  This  theory  has  not  greatly 
influenced  the  practice  of  naval  architects,  nor  is  it  generally 
accepted  as  an  accurate  representation  of  the  phenomena  of 
resistance  ;  but  it  has  the  great  merit  of  having  enforced  the 
importance  of,  and  given  practical  rules  for,  proportioning 
the  lengths  of  the  entrance  and  run  to  the  intended  speeds 
of  ships ;  and  these  rules  deserve  mention*  The  lengths  of 
entrance  and  run  are  measured  as  before  described.  The 
entrance  is  also  termed  the  "  fore  body  ";  the  run,  the  "  after 
body" ;  and  if  amidships  there  is  a  certain  length  of  constant 
cross-sectional  form,  it  is  termed  the  "  middle  body."  The 
length  of  the  entrance,  it  is  considered,  should  be  equal  to  the 
length  of  the  "  wave  of  translation,"  of  which  the  natural 
speed  equals  the  maximum  speed  for  which  the  ship  is 
designed.  This  wave  of  translation  differs  from  a  trochoidal 
wave  in  being  wholly  situated  above  the  still-water  level, 
travelling  as  a  heap  of  water,  and  not  having  hollows 
depressed  below  the  still-water  level.  But  for  deep  water, 
and  for  the  small  heights  which  waves  attain  when  travelling 
with  ships,  no  error  of  practical  importance  is  involved  in 
estimating  the  period  and  speed  of  waves  of  translation 
by  the  rules  previously  given  for  trochoidal  waves.  In 
shallow  water  there  would  be  a  necessity  for  considering  the 
waves  of  translation  sepctrately,  and  also  for  altering  the 
rules  given  for  the  trochoidal  deep-sea  waves ;  but  into  these 
special  circumstances  it  is  not  necessary  to  enter,  since  they 


*  For  particulars  of  this  theory,      the  Transtuitions  of  the  Institution 
see  Mr.  Russell's  work  on  Naval     of  Naval  Architects. 
Architecture ;  also  vols.  i.  and  ii.  of 
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are  important  only  in  vessels  designed  for  river  or  shallow- 
water  service,  and  scarcely  affect  sea-going  ships. 

Treating  the  wave  of  translation  as  a  trochoidal  wave  in 
the  relation  of  its  length  and  velocity,  the  rules  of  Mr.  Scott 
Bnssell  may  be  stated  in  the  following  simple  form :— Let  V 
be  the  maximum  speed  of  the  ship  (in  knots  per  hour) ;  Li 
be  the  length  of  entrance  appropriate  to  the-  speed  V,  and  L, 
the  length  of  run  (both  lengths  being  expressed  in  feet) : 

then 

Li  =  0-562  X  V^ 

Lj  =  0-375  X  V'  =  fLi. 

For  example,  let  V  =  15  knots,  then,  to  avoid  undue  wave- 
making,  the  theory  prescribes  : — 

Length  of  entrance  =  0*562  x  15^  =  126  feet ; 
Length  of  run  =  0-375  x  15^  =  84  feet. 

With  these  dimensions  might  be  associated  any  required 
length  of  middle  body,  the  additional  resistance  for  the 
assigned  speed  being  chiefly  due  to  friction  on  the  enlarged 
immersed  surface.*  * 

Of  these  two  rules,  that  relating  to  the  length  of  run 
is  thought  to  have  the  greatest  practical  importance,  many 
successful  vessels  having  had  a  less  length  of  entrance  than 
that  prescribed  by  the  formula ;  whereas  vessels  with  shorter 
runs  than  the  formula  prescribes  have  done  badly.  As  a 
matter  of  fact,  however,  sea-going  vessels  usually  have 
greater  lengths  both  of  entrance  and  run,  in  proportion  to 
their  maximum  speeds,  than  are  required  by  these  rules ;  and 
instead  of  having  the  run  only  two-thirds  as  long  as  the 
entrance,  the  lengths  of  entrance  and  run  are  commonly 
equal,  or  nearly  so. 

It  will  be  observed  from  the  preceding  formula  that 

Li  +  L2  =  0-937  V^; 
whence 

V^  =  1-067  (L,  X  L^) ;  and  V  =  1-03  V  L^+L,  (nearly). 


*  See  further  on  this  subject  the  recent  experiments  of  Mr.  Froude, 
mentioned  at  page  450. 
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So  far  as  can  be  seen  at  present,  this  la^^t  equation  enables 
a  fair  approximation  to  be  made  to  the  speed  (V)  at  which 
a  small  increase  in  speed  causes  an  increase  in  resistance 
altogether  disproportionate  to  that  which  would  accompany 
an  equal  increase  in  speed  when  the  yessel  was  moving  more 
slowly.  Putting  the  equation  in  this  form  allows  for  any 
variations  which  may  be  desirable  in  practice  in  the  ratio  of 
the  length  of  entrance  to  that  of  run;  although  neither 
of  these  can  become  very  short  in  proportion  to  the  speed 
without  producing  increased  resistance.  Suppose,  for  instance, 
that  the  common  practice  is  adhered  to,  and  the  lengths  of 
entrance  and  run  made  equal  to  one  another :  it  may  be 
desired  to  know  what  are  the  lengths  appropriate  to  a  speed 
of  16  knots.     Here 

L1  +  L2  =  0-937  X  (16)2  ^  240  feet  (nearly). 

The  Inconstant,  which  has  a  total  length  of  337  feet,  and  a 
speed  of  16  knots  on  the  measured  mile,  might  therefore 
have  about  90  feet  of  parallel  middle  body,  without  en- 
countering this  undue  growth  of  wave-making  rcisistance; 
but  other  considerations  might  make  it  preferable  to  avoid 
having  any  parallel  middle  body. 

Professor  Bankine  suggested  another  mode  of  approach- 
ing the  investigation  of  the  speed  at  which  wave-making 
resistance  begins  to  grow  at  a  very  disproportionate  rate. 
He  proposed  to  express  the  natural  speed  of  advance 
of  the  waves  raised  by  a  ship  in  terms  of  the  "virtual 
depth  of  disturbance  "  which  she  causes,  and  considered  that 
this  virtual  depth  must  bear  some  relation  to  the  "mean 
depth  of  immersion  "  of  the  part  of  the  ship  which  creates 
the  wave.  Taking  the  after  body  of  a  ship,  for  example, 
he  would  estimate  its  displacement  (in  cubic  feet),  and 
divide  this  by  the  area  of  the  water  section  of  that  part  (in 
square  feet),  the  quotient  expressing  the  mean  depth  of 
immersion.  But  he  owned  that  experiment  alone  can  decide 
what  the  relation  may  be  between  this  mean  depth  and  the 
natural  speed  of  the  waves  created.    From  a  few  ealcula- 
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tions  which  we  have  made  it  would  appear  that  the  virtual 
depth  of  disturbance  must  be  very  considerably  greater 
than  the  mean  depth  of  immersion  if  this  principle  is  to  be 
accepted.  We  are  unaware  of  any  experiments  having  been 
made  to  test  the  proposal;  and  it  would  seem  more  im- 
portant, for  ocean  navigation,  to  have  regard  to  the  actual 
lengths  of  the  entrance  and  run  rather  than  to  the  virtual 
depth  of  disturbance.* 

Mr.  Froude  has  investigated  this  question  experimentally, 
and  published  some  interesting  results,  agreeing  in  the  main 
with  the  general  considerations  upon  which  Mr.  Scott 
Bussell  proceeded,  but  not  coinciding  absolutely  with  the 
very  definite  form  in  which  the  wave-line  theory  has  been 
expressed.  According  to  these  experiments,  the  total 
length  of  a  ship,  as  well  as  her  lengths  of  entrance  and  run, 
affect  the  wave-makiug  resistance,  especially  at  speeds 
exceeding  those  for  which  the  lengths  of  entrance  and  run 
are  suitable.  Mr.  Froude  has  discovered  that  the  position 
of  the  crest  of  the  last  wave  in  the  train  of  waves  that 
follow  the  bow  wave,  and  lie  along  the  side  of  the  ship, 
exercises  a  very  sensible  effect  on  the  resistance.  If  the 
length  and  speed  of  the  ship  are  such  that  this  wave  has  its 
crest  at  or  near  the  middle  of  the  length  of  run,  it  delivers 
a  forward  pressure  on  the  after  body,  and  this  is  equivalent 
to  a  diminution  of  resistance.  A  contrary  effect  is  produced 
when  a  wave  hollow  occupies  the  position  named.t  Mere 
increase  in  the  length  of  a  ship  may  not,  ac<K)rding  to  this 
view  of  the  matter,  be  a  cause  of  decreased  wave-making 
resistance,  when  the  increase  is  obtained  by  introducing  a 
middle  body.  Mr.  Froude  has  strongly  advocated  the 
policy  of  adopting  a  greater  extreme  breadth,  in  association 
with  a  longer  and  finer  entrance  and  run,  as  a  means  of  avoid- 


*  Professor  Rankine  made   this  f  3^®  the  paper  read  at  the  meet- 
suggestion  in  1868;  see  his  paper  ings  of  the   Institution   of  Naval 
in  the  Transactions  of  the  Insti-  Architects  in  March  1877. 
tution  of  Naval  Architects. 
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ing  undue  wave-making,  rather  than  of  having  a  less  breadth, 
associated  with  less  lengths  of  entrance  and  run  and  a 
middle  body,  with  the  same  displacement.  Other  considera- 
tions, however,  may  render  it  necessary  to  use  a  middle 
body ;  and  then  the  latest  experiments  of  Mr.  Froude  become 
of  the  greatest  practical  importance.  It  may  indeed  be 
hoped  that,  from  the  continuance  of  these  experiments,  still 
more  valuable  information  will  be  obtained  respecting  the 
general  laws  governing  wave-making  resistance. 

All  authorities  now  agree  that  for  every  ship  there  is  a 
certain  limit  beyond  which  any  increase  of  speed  can  only 
be  secured  at  the  expense  of  a  very  rapid  growth  in  the 
resistance ;  and  all  agree  that  this  sudden  change  occurs 
in  the  wave-making  factor  of  the  resistance.  It  may,  of 
course,  become  necessary  to  incur  this  expense,  and  to 
drive  a  ship  at  a  higher  speed  than  the  natural  speed  of 
the  waves  raised  by  her  entrance  and  run.  In  fact,  the 
quick  steam-launches  built  recently,  with  lengths  of  50  to 
100  feet,  can  be,  and  are,  driven  at  speeds  of  16  to  20  knots ; 
for  which  the  sum  of  the  lengths  of  entrance  and  run, 
according  to  the  preceding  formula,  should  equal  from  240 
to  400  feet.  But  in  the  following  chapter  it  will  be  shown 
how  abnormally  great  is  the  proportion  of  power  to  displace- 
ment in  these  remarkable  little  vessels,  when  compared  with 
the  most  powerful  and  speedy  sea-going  ships. 

From  the  experiments  conducted  by  Mr.  Froude,  it  may 
be  interesting  to  quote  one  or  two  illustrations  of  this  im- 
portant fact,  as  well  as  to  compare  them  with  the  results 
which  would  follow  from  the  use  of  the  wave-line  formula. 
An  interesting  series  of  experiments  was  made  with  a  model 
of  the  merchant  steamer  Merkara  and  models  of  alternative 
forms ;  we  will  select  one  comparison  where  two  models 
having  the  same  length  and  very  nearly  the  same  area 
of   immersed   skin    were  tried    under   similar  conditions.* 


♦  See  the  details  given  by  Mr.  Froude  in  vol.  xvii.  of  the  Transcuitions  of 
the  Institution  of  Naval  Architects. 

2  G  2 


452 


NAVAL  ARCHITECTURE. 


CHAP.  XI. 


The  dimensions    of   these  two   vessels  (in   feet)  were   as 
ander : — 


Modek. 

Length. 

Eitreme 
Breadth. 

Mean 
Draught. 

EDtnnce. 

Middle  Bodj. 

Rnn. 

Total. 

Merkara     .     .      144 
Model  B      .     .      179-5 

72 
Nil 

144 
179-5 

360 
359 

37-2 
45-88 

16-25 
18 

The  Merkara  had  an  area  of  immersed  sorface  of  18,6(^0 
sqaare  feet ;  model  B  an  area  of  19,130  square  feet ;  the 
displacement  in  each  case  was  3li80  tons.  So  far  as  surface 
friction  went,  therefore,  the  Merkara  had  4i  small  advantage ; 
as  to  eddy-making,  the  two  ships  must  have  been  practically 
equal,  and  the  diflference  between  the  two  would  arise  from 
differences  in  the  wave-making  resistance.  On  trial  it  was 
found  that  about  18  knots  marked  the  limit  of  speed  for 
the  Merkara,  where  a  slight  increase  in  speed  led  to  a  dis- 
proportionately large  increase  in  the  wave-making  resistance. 
At  a  speed  of  19  knots  the  wave-making  resistance  of  the 
model  of  the  Merkara  was  found  to  be  fully  60  per  cent, 
of  the  whole  resistance,  whereas  at  the  actual  maximum 
speed  of  the  ship — 13  knots — wave-making  resistance  was 
only  17  per  cent,  of  the  whole.  No  limit  of  speed  corre- 
sponding to  18  knots  in  the  Merkara  was  found  for  model 
B  up  to  speeds  of  19  or  20  knots ;  and  this  want  of  any 
disproportionate  increase  in  the  wave-making  made  the 
resbtance  of  B  at  a  speed  of  18  knots  only  75  per  cent,  that 
of  the  Merkara,  whereas  at  13  knots  the  difference  in  the 
resistances  was  very  trifling. 

Applying  the  formulae  of  the  wave-line  theory  to  these 
two  vessels,  we  have — 


For  Merkara  ^Z  L,  +  La  =  \/  288 
Limiting  speed  V  =  17  X  1*03 


For  model  B  ^Z  Lj-f-L^  =  ^y  359 
Limiting  speed  V  =  19  x  1*03 


17  (nearly). 

17i  knots  (nearly). 

19  (nearly). 

19*57  knots  (nearly). 
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There  is  consequently  a  close  agreement  between  theory 
and  experiment  as  to  the  limit  of  speed  beyond  which  the 
growth  of  resistance  becomes  disproportionately  great. 

As  a  second  example  the  case  of  her  Majesty's  ship 
Greyhound  may  be  taken,  as  she  is  in  all  respects  a  con- 
trast to  the  Merkara.  Her  length  (from  stem  to  body-post) 
is  160  feet;  the  lengths  of  entrance  and  run  each  about  75 
feet ;  breadth  extreme  33  J  feet,  and  mean  draught  13J  feet. 
The  load  displacement  on  the  trials  was  1160  tons,  area  of 
immersed  surface  7540  square  feet,  and  maximum  speed 
under  steam  10  knots.  In  order  to  ascertain  the  resistance, 
the  Greyhound  was  towed  by  the  Volage  at  varying  speeds, 
the  maximum  being  about  13  knots,  or  3  knots  above  the 
maximum  attained  with  her  own  steam-power.  According 
to  the  formulcB  on  page  448  to  this  speed  of  10  knots  should 
correspond  a  minimum  length  of  entrance  and  run  rather 
under  100  feet;  and,  therefore,  no  inordinate  growth  of 
wave-making  should  have  occurred  up  to  this  speed.  Nor 
did  any  such  abrupt  growth  take  place  during  the  experi- 
ments. The  bluff  form  of  the  ship  made  the  wave-making 
resistance  much  greater,  in  proportion  to  the  frictional,  than 
in  the  Merkara;  for  example,  at  12  knots  the  frictional 
resistance  is  only  35  per  cent,  of  the  total  resistance  in  the 
Greyhound,  whereas  in  the  Merkara  the  corresponding 
percentage  is  78.  But  this  does  not  affect  the  question  now 
under  consideration,  which  has  to  do  not  so  much  with  the 
proportion  of  the  two  parts  of  the  resistance  as  with  the 
abrupt  growth  which  occurs  in  the  wave-making  factor  when 
the  lengths  of  entrance  and  run  are  insufficient. 

It  must  be  remarked  that,  so  long  as  frictional  resistance 
forms  the  larger  part  of  the  total  resistance,  the  law  which 
was  formerly  received  as  general  holds  fairly  well,  the  re- 
sistance varying  nearly  as  the  square  of  the  speed.  In  the 
Merkara,  for  example,  the  law  holds  very  closely  up  to 
the  speed  of  13  knots,  at  which,  as  was  remarked  above,  the 
frictional  resistance  formed  about  80  per  cent,  of  the  total. 
In  the  Greyhound,  the  same  law  holds  very  fairly  up  to  about 
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%  knotii  oilIj,  tht>^  £mtB>ii&I  reiHstaiiii^e  at  tfa^  speed  being 
fttmnt  7f>  per  <!eiit.  ot'  tke  total ;  but  beyoiui  that  speed  tl» 
gnbdaal  ^rrowth.  ca  niip«>rtauu!e  ot*  the  waTeHBAkmg  fMrlor 
Makes  the  toCiil  resu$tiULt!e  Tarr  witk  a  higher  power  than  the 
aq^sare  of  the  speeiL  At  lu  kii«>ts  tt  varies  Bearir  as  the 
esbe  o€  the  speed :  and  at  12  kiu^s.  nearly  as  the  fourth 
power,  Heiif^e  h  j^^pears  that  conskieraUe  loigths  of 
estianee  and  nm  aad  ibie  forms  are  adrantageoosy  not  meiel  j 
in  adapting  Teasels  for  high  speeds^  biit  in  kee|»ng  donn 
the  hiw  ot' increase  in  terms  of  the  retoeitT  for  more  mo^ferate 


If  eeonomii^  performance  nnd^-  steam  were  the  sole  <h* 
principal  c<HLditk)n  to  be  fnllilled  in  the  GrefhommdyiX  would 
mdoabtedlT  hare  been  preferable  to  adopt  greater  propor- 
tkmaof  length  to  breadth,  and  Ibier  forms  at  the  extr^nities ; 
then,  with  the  same  lengths  of  entrance  and  nm,  associated 
perhaps  with  a  certain  length  of  middle  bodv,  there  would 
probably  be  somewhat  greater  firictioiial  resistance  than  in  the 
actual  ship,  bat  a  Tery  considerable  decrease  in  the  waye- 
making  resistance,  and  on  the  whole  a  less  resistance  wonld 
hare  to  be  overcome  in  obtaining  the  designed  speed.  Soch 
latitnde  of  choice  in  forms  and  {»oportions  was  not,  howeyer, 
possible  in  the  design  of  the  Greykcmmd,  She  was  intended 
to  be  efficient  under  sail,  as  well  as  to  hare  moderate  speed 
under  steam ;  hence,  moderate  proportions  of  length  to 
breadth  became  necessary,  in  order  to  secure  sofficient 
^  stiffness,"  and  handiness.  Greater  fdlness  of  form  at  the 
extremities  accompanying  these  moderate  proportions  in- 
Tolred  an  increase  in  the  waye-making  resistance ;  and  here 
we  haye  an  iUnstration  of  the  statement  made  preyiously, 
ihaty  in  designing  ships,  the  nayal  architect  frequently  has  to 
pot  into  a  subordinate  place  considerations  of  diminished 
resistance  and  economical  performance.  This  is  especially 
tme  of  the  designs  of  war-ships ;  in  constmcting  merchant 
ships,  the  nayal  architect  can  exercise  greater  control  over 
the  proportions ;  and  in  merchant  steamers,  the  sail-power 
being  only  auxiliary  to  the  steam-power,  there  is  not  the 
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same  necessity  for  moderate  proportions  and  considerable 
stiffness  as  exists  in  vessels  intended  to  perform  well  under 
sail  alone. 

The  tendency  in  the  merchant  service  has  been,  for  many 
years  past,  towards  an  increase  in  the  proportion  of  length  to 
breadth  in  steamers ;  and  in  Chapter  X.  several  examples 
of  the  change  have  been  given.  Continuance  of  this  policy 
of  construction,  and  the  gradual  advances  made  by  the  same 
owners  on  the  lengths  of  ships,  may  be  regarded  as  good 
evidence  of  its  advantages  from  a  commercial  point  of  view.' 
The  common  plan  is  that  illustrated  in  the  Merharaj  b: 
certain  length  of  parallel  middle  body  being  introduced 
between  lengths  of  entrance  and  nm,  sufficient  to  prevent 
any  undue  growth  of  the  wave-making  resistance  within  the 
intended  limits  of  speed.  Mr.  Froude  has  made  numerous 
experiments  on  vessels  of  the  Merkara  and  alternative  types;* 
and  his  results  appear  to  show  two  most  important  facts. 
First,  that  within  the  ordinary  limits  of  speed  for  merchant 
steamers  (say,  13  knots)  it  would  be  possible  to  obtain  as 
good  results  with  a  slightly  greater  draught  and  much  more 
moderate  proportions  of  length  to  breadth  than  are  now 
commonly  employed ;  and  with  a  less  area  of  immersed  skin. 
The  advantages  of  the  more  moderate  proportions  are 
greater  handiness,  the  requirement  of  less  structural  strength 
and  weight  of  hull,  and  the  less  serious  loss  of  speed  resulting^ 
from  foulness  of  bottom ;  the  gain  in  all  these  respects  is 
not  unimportant.  Secondly,  that  if  very  high  speeds  have 
to  be  attained — say,  speeds  of  18  to  20  knots — it  is  preferable 
to  decrease  the  length  of  the  middle'  body,  or  to  have  none ; 
increasing  the  lengths  of  entrance  and  run  at  the  expense  of 
the  middle  body,  and  making  the  extreme  breadth  greater. 
By  this  change  all  danger  is  avoided  of  reaching  that  critical 
speed  at  which  the  wave-making  resistance  grows  abruptly. 

Mr.  Froude  sums  up  his  investigation  as  follows : — * 


*  See  page   184  of   the    Transactions    of  the   Institution  of    Naval 
Architect  for  1876. 
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•*In  view  of  the  importance  of  large  carrying  power 
**  combined  with  limited  draught — a  limitation  which  the 
^  Suez  Canal  has  done  much  to  emphasise — and  I  may  add, 
^  in  yiew  of  the  practical  suflSciency  of  what  may  be  called 
^  moderate  speed,  the  prevailing  tendency  to  great  length, 
^  including  a  long  parallel  middle  body,  is  a  fair  result  of 
**^  *  natural  selection.*  This  form,  if  rationaUy  treated,  is 
^  perhaps,  under  the  conditions  indicated,  the  best  adapted 
^  for  commercial  success ;  though  where  deep  draught  is 
**  unobjectionable,  a  shortened  form  with  no  pe^allel  middle 
*'  would  be,  as  I  have  shown,  unquestionably  superior ;  or 
^  were  it  an  object  to  obtain  very  high  speed,  without  notable 
^  increase  of  resistance,  parallelism  of  middle  body  would 
**  even  with  the  longer  form  be  inadmissible.  The  logic  of 
**  the  circumstances  shapes  itself  thus : — Large  displacement 
^  means  large  dimensions,  somehow  or  somewhere ;  but  the 
**  limitation  of  draught  forbids  enlargement  of  dimension 
^  except  in  the  direction  of  length,  since  increased  ratio 
^  of  breadth  to  depth  would  inyolve  an  objectionably  raised 
^  metacentre,  and  objectionable  increase  of  skin ;  greatly 
^  extended  length  has,  therefore,  for  mercantile  purposes 
**  become  essential  to  large  carrying  power.  Now  with  a 
^  very  long  ship,  if  the  ends  are  so  far  fined  as  in  effect  to 
**  limit  the  resistance  to  surface  friction,  the  parallelism  of 
**  the  remainder  clearly  assigns  a  valuably  increased  carrying 
**  power  to  the  ship  as  a  whole ;  or,  what  comes  to  the  same 
^  thing,  secures  a  given  carrying  power  with  less  total  skin, 
**  and  therefore  less  resistance  at  moderate  speed." 

In  ships  of  war,  except  in  special  classes,  great  length  is 
objectionable  because  of  the  decrease  in  handiness  which  it 
involves ;  and  this  is  especially  the  case  in  armoured  ships 
intended  to  act  as  rams.  The  Warrior  and  Minotaur  classes 
of  the  Eoyal  Navy,  with  lengths  of  380  and  400  feet  (about 
6|-  times  the  beam)  stand  alone;  more  recent  types  have 
lengths  of  from  280  to  330  feet  (from  4^  to  5^  times  the 
.beam).     It  is  acknowledged  that  these  long  fine  vessels 
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are  more  economical  performers  under  steam  than  their 
successors ;  but  the  greater  proportionate  resistance  and 
larger  engine-power  of  the  shorter  ships  have  been  accepted 
because  of  their  greater  handiness  and  less  first  cost.* 
Moreover,  the  proportion  of  length  to  beam  in  these  armoured 
ships  frequently  has  to  be  determined  by  considerations 
other  than  those  connected  with  either  handiness  or  dimi- 
nished resistance.  In  ships  of  the  central-citadel  type,  for 
example,  the  beam  is  made  proportionately  greater  than  in 
ships  with  an  armoured  belt  throughout  the  length  in  the 
region  of  the  water-line  ;  so  that,  when  the  unarmoured  ends 
before  and  abaft  the  citadels  are  riddled,  the  ships  may 
retain  sufficient  stability. 

Unarmoured  war-ships  are  generally  furnished  with  good 
sail-power,  a  fact  which  (as  we  have  seen  in  the  case  of  the 
Greyhound)  renders  moderate  length  and  considerable  beam 
in  proportion  to  length  desirable.  The  swift  cruiser  classes, 
such  as  her  Majesty's  ships  Inconstant  and  Voloffe,  designed 
for  high  speed  under  steam,  but  also  to  keep  the  sea  under 
sail  alone,  represent  a  class  intermediate  between  the 
ordinary  unarmoured  type  of  fighting  ship  and  the  swift 
merchant  steamers.  They  have  a  greater  proportion  of  lengthy 
to  breadth  than  ordinary  unarmoured  ships,  but  considerably 
less  than  is  common  in  merchant  steamers :  about  6^  to  1 
instead  of  10  or  11  to  1.  Even  with  these  proportions  the 
swift  cruisers,  with  their  large  spread  of  sail,  have  no  excess 
of  stiffness  ;  and  the  greater  lengths  of  the  merchant  steamers, 
with  their  small  proportionate  breadths,  give  them  such  small 
metacentric  heights  that  they  are  probably  quite  unfitted 
for  carrying  great  sail-power.f  All  these  statements  simply 
amount  to  a  repetition  of  that  made  previously  ;  the  designs 


*  See  the  ditfcussiou  of  this  matter  speaking  on   this  subject,  said: — 

in    Our   Ironclad    tyhips,   by   Mr.  "  Kvery  person  who  knows  the  mer- 

Reed,  C.B.,  late  Chief  Constructor  **  chant  service,  and  the  lar^e  mer- 

of  the   Navy ;  and  Chapter  XIII.  "  chant  steamers,   knows  the  fact 

of  this  work.  "  that  they  are  built  with  the  least 

t  Mr.    Denny,    of    Dumbarton,  "  pnesible  margin  of  stability." 
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%iyf  w«us5^hips  are  influenced  by  considerations  of  the  qualities 
«^«SKMitial  to  their  special  services  rather  than  by  considera- 
lians  of  minimum  resistance  in  proportion  to  displacement. 

Summing  up  the  foregoing  remarks,  it  appears  : — 

(1)  l^hoX  frictional  resistance,  depending  upon  the  area  of 
the  immersed  surface  of  a  ship,  its  degree  of  roughness,  its 
length,  and  (about)  the  square  of  the  speed,  is  not  sensibly 
aflfected  by  the  forms  and  proportions  of  ships :  unless  there 
be  some  unwonted  singularity  of  form,  or  want  of  fairness. 
For  moderate  speeds,  this  element  of  resistance  is  by  far  the 
mQst  important :  for  high  speeds,  it  also  occupies  an  im- 
portant position — from  50  to  70  per  cent,  of  the  whole  resist- 
ance, probably,  in  a  very  large  number  of  classes,  when  the 
bottoms  are  clean ;  and  a  larger  percentage  when  the  bottoms 
become  foul. 

(2)  That  eddy-malcing  resistance  is  usually  small,  except 
in  special  cases,  and  amounts  to  some  8  or  10  per  cent,  of 
the  frictional  resistance.  A  defective  form  of  stem  causes 
largely  increased  eddy-making. 

(3)  That  wave-making  resistance  is  the  element  of  the 
total  resistance  which  is  most  influenced  by  the  forms  and 
proportions  of  ships.  Its  ratio  to  the  frictional  resistance,  as 
well  as  its  absolute  magnitude,  depend  upon  many  circum- 
stances ;  the  most  important  being  the  forms  and  lengths  of 
the  entrance  and  run,  in  relation  to  the  intended  full  speed 
of  the  ship.  For  every  ship  there  is  a  limit  of  speed  beyond 
which  each  small  increase  in  speed  is  attended  by  a  dispro- 
portionate increase  in  resistance ;  and  this  limit  is  fixed  by 
the  lengths  of  the  entrance  and  run — the  "wave-making 
features  '  of  a  ship. 

The  sum  of  these  three  elements  constitutes  the  total 
resistance  offered  by  the  water  to  the  motion  of  a  ship  towed 
through  it,  or  propelled  by  sails  ;  and  it  becomes  important 
to  ascertain  what  is  the  magnitude  of  that  resistance  in 
proportion  to  the  total  weight  of  the  ship.  Until  Mr.  Froude 
conducted  the  towing  experiments  with  her  Majesty's  ship 
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Oreyhoundy  under  the  authority  of  the  Admiralty,  no  exact 
information  was  accessible  on  this  point ;  but  these  experi- 
ments have  had  a  twofold  result :  they  have  furnished  the 
actual  resistances  for  the  Greyhound  when  moving  at  various 
speeds,  and  have  established  the  general  correctness  of  the 
method  by  which  Mr.  Froude,  from  experiments  with  models, 
succeeds  in  predicting  the  resistances  of  full-sized  ships.  In 
addition,  they  have  afforded  valuable  information  respecting 
screw-prop  alsion,  to  which  we  shall  refer  in  a  later  chapter. 

The  Greyhound  weighs  1160  tons,  and  (as  already  ex- 
plained) she  is  by  no  means  an  example  of  a  form  of  small 
resistance.  When  she  moved  through  the  water,  the  vessel 
necessarily  communicated  motions  to  the  water  in  her 
neighbourhood;  the  general  character  of  these  motions 
having  been  indicated  in  the  preceding  sketch  of  the 
stream-line  theory.  Changes  in  her  own  speed  must  have 
been  accompanied  by  corresponding  changes  in  these 
motions  ;  and  thus,  in  addition  to  the  ship  herself,  a  certain 
weight  of  water,  which  may  be  regarded  as  associated  with 
her,  must  have  undergone  changes  of  speed  corresponding 
to  those  impressed  on  the  ship.  Mr.  Froude  obtained  data 
from  which  to  estimate  this  weight  of  water,  making  special 
experiments  for  the  purpose,  and  found  it  to  be  about  one- 
fifth  or  one-sixth  the  weight  of  the  ship.  The  virtual  weight 
of  the  Greyhound,  when  towed,  was,  therefore,  about  1400 
tons.  The  tow-rope  strain,  or  resistance,  corresponding  to 
various  speeds  was  found  to  be  as  under.  For  purposes  of 
comparison,  the  corresponding  approximate  results  for  the 
Merkara  as  also  given ;  her  actual  weight  being  3980  tons, 
and  her  virtual  weight  perhaps  4600  or  4700  tons. 


Speeds 

4  knots   . 

6     „        . 

8     „       . 

10     „       . 

12     „       . 

of  Ships. 

1 

Resistance 

(in  Tons). 

Greyhound, 

Merkara. 

.    i         0-6 
1-4 
2-5 

.    '         4-7 

.   1         9 

1 

1 

2-3 

3-9 

6 

9 
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The  full  speed  of  the  Greyhotrnd  is  10  knots;  at  that 
speed  the  resistance  wa^  only  ^^  part  of  her  actual  weight ; 
13  knots  is  the  full  speed  of  the  Merkara ;  the  corresponding 
resistance  (11*5  tons)  is  only  ^^  part  of  the  actual  weight- 
It  will  be  remarked  that  for  very  low  speeds,  below  8  knots, 
where  frictional  resistance  constitutes  almost  the  whole  re- 
sistance, the  greater  surface  of  the  bottom  of  the  Merkara 
makes  her  resistance  greater  than  that  of  the  Greyhound; 
but  at  the  higher  speeds  the  greater  wave-making  resistance 
of  the  shorter  and  smaller  ship  makes  her  resistance  gradually 
approximate  to  that  of  the  Merkara. 

One  other  illustration.  Speaking  of  her  Majesty's  ship 
ShaJi,  which  steamed  over  16  knots,  Mr.  Froude  stated  that 
the  whole  propulsive  force  at  that  extremely  high  speed  was 
only  27  tons ;  less  than  ^^  part  of  the  weight  of  the  ship ; 
and  of  this,  surface  friction  accounted  for  no  less  than  15 
tons.*  Mr.  Froude  further  remarked  that,  although  the 
Shah  carried  a  bow-wave  7  feet  high,  her  whole  resistance 
would  have  been  represented  by  a  wave  only  30  inches 
high,  exercising  a  stemward  pressure.  The  stream-line 
theory  furnishes,  as  we  have  seen,  a  rational  explanation  of 
these  remarkable  results ;  and  no  other  theory  of  resistance 
can  furnish  a  similarly  satisfactory  explanation  of  the  vei^ 
small  resistance  offered  by  water  to  the  passage  of  well 
formed  ships. 

The  problem  to  be  solved  by  the  naval  architect  is  not  to 
determine  any  exact  geometrical  form  of  least  resistance 
of  which  he  can. make  use  in  all  cases,  but  in  the  design  of 
each  ship  to  select  the  forms  and  proportions  which  are 
compatible  with  the  special  conditions  to  be  fulfilled,  and 
which  will  make  the  resistance  as  small  as  possible.  Even 
when  thus  narrowed,  the  problem  is  one  of  considerable 
difficulty;  mainly  because  of  our  ignorance  of  the  laws 
which  govern  the  wave-making  resistance.  At  present  only 
a  few  of  the  more  important  conditions  influencing  wave- 


In  his  lecture  .il  the  Royal  Institution  in  May  1876. 
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making  have  been  determined,  and  these  rather  in  a 
qualitative  than  a  quantitative  fashion ;  so  that,  without 
experiment,  it  is  not  now  possible  to  ascertain  what  the 
value  of  this  element  of  resistance  will  be  in  any  proposed 
ship.  In  this  fact  is  found  one  of  the  most  valuable  features 
of  the  experiments  with  models  upon  which  Mr.  Froude  is 
engaged.  Prior  to  the  commencement  of  these  experiments, 
many  of  the  most  eminent  authorities  on  the  subject, 
including  Professor  Bankine,  were  doubtful  whether  it  was 
possible  from  experiments  with  models  to  obtain  trustworthy 
results  respecting  the  resistance  of  full-sized  ships.  Mr. 
Froude  held  the  contrary  opinion,  and  has  since  amply 
justified  the  correctness  of  his  view.  The  best  proof, 
however,  is  that  furnished  by  the  comparison  of  the  results 
obtained  from  the  towing  experiments  on  the  Chreyhound 
with  the  results  obtained  from  experiments  on  a  model 
of  the  ship  of  dimensions  ^  the  full  size.  In  conse- 
quence of  this  success,  Mr.  Froude  has  given  to  the  naval 
architect  the  power,  from  a  comparatively  inexpensive  series 
of  experiments  on  models,  to  arrive  at  a  close  approximation 
to  the  resistance  of  ships;  and  by  similar  experiments  to 
test  the  effect  upon  the  resistance  of  any  variations  in  form 
and  proportions,  which  may  be  possible  under  the  special 
circumstances  of  each  design.  Mr.  Froude  has  himself 
made  many  experiments  of  the  latter  class  for  the  Admiralty, 
and  thus  done  good  service  in  the  designs  of  various  classes 
of  war-ships.  One  example  only  can  be  given,  and  it  is  one 
of  the  most  recent.* 

In  designing  the  Medina  class  of  river-service  gunboats 
for  the  Royal  Navy,  the  draught  of  water  was  limited  to  less 
than  6  feet,  and  the  full  speed  was  fixed  at  9  knots.  The 
question  arose  which  of  two  forms  would  be  preferable :  a 
vessel  having  a  length  of  110  feet  and  an  extreme  breadth 


*  See  a  speech  by  Mr.  Bamaby,      actions  of  the  Institution  of  Naval 
C.B.,  Director  of  Naval  Construction,      Architects  for  1876. 
reported  at  i)agc  48  of  the  Trans- 
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of  26  feet,  or  a  vessel  of  equal  length,  but  34  feet  broad,  and 
having  greater  fineness  and  length  of  entrance  and  run. 
Having  experimented  with  models  of  the  two  forms,  Mr. 
Froude  re[)orted  that  the  broader  vessel,  with  a  displacement 
of  370  tons,  would  have  only  two-thirds  as  great  resistance 
as  the  narrower  vessel  ^i-ith  a  displacement  of  350  tons. 
The  results  since  obtained,  on  the  measured-mile  trials,  with 
vessels  built  on  the  broader  form,  have  fully  confirmed  the 
experiments  made  with  the  models.  Without  experiments 
the  result  could  scarcely  have  been  predicted ;  and  it  is  a 
remarkable  illustration  of  the  fallacy  of  the  opinion,  formerly 
entertained  very  generally,  that  a  greater  area  of  midship 
section  involved  an  increased  resistance.  The  smaller  actual 
resistance  of  the  vessels  with  the  larger  midship  sections 
was  undoubtedly  mainly  due  to  the  decrease  in  wave-making 
resistance  produced  by  the  longer  and  finer  entrance  and 
run.  Whatever  the  explanation,  there  can  be  no  question 
of  the  fact  that  this  change  of  form  was  productive  of  a  very 
advantageous  diminution  of  resistance  :  saving  one-third  the 
engine-power  required  to  attain  the  desired  speed,  and 
reducing  the  first  cost  of  the  machinery,  as  well  as  the  cost 
of  maintenance  and  repair  during  all  the  subsequent  service 
of  the  numerous  vessels  in  this  class. 

Apart  from  experiments  with  models,  great  uncertainty  must 
always  attend  estimates  of  the  resistance  of  new  types  of  ships, 
and  of  the  engine-power  required  to  attain  certain  speeds. 
This  is  especially  true  of  types  designed  for  unusually  high 
speeds  lying  quite  outside  the  range  of  previous  experience ; 
but  it  is  true  also  of  all  changes  of  type.  As  such  importance 
attaches  to  these  experiments,  it  is  desirable  that,  before 
concluding  this  chapter,  a  brief  account  should  be  given  of 
the  process  by  which  Mr.  Froude  educes  the  resistance  of  a 
full-sized  ship  from  that  obtained  for  the  model.  For  this 
purpose,  Mr.  Froude  makes  use  of  a  "  scale  of  comparison," 
based  upon  the  stream-line  theory,  and  states  it  as  follows  : 
— "  If  the  ship  be  D  times  the  dimension  of  the  model,  and 
"  if  at  the  speeds  Vi,  Vj,  V3 the  measured  resist- 
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"ances  of   the   model   are   Ri,  Rj,  Rj then   for 

"  speeds    V.^/D,    V^D,    Vv^ of    the    ship 

"  the   resistances  will   be  D^B,,  l>Ei,  D% To 

"  the  speeds  of  the  model  and  ship  thus  related  it  is 
"  convenient  to  apply  the  term  correspondituf  speeds."  This 
general  statement  will,  perhaps,  be  better  understood  by  an 
example  ;  for  this  purpose  we  cannot  choose  a  better  example 
than  that  published  by  Mr,  Fronde  for  the  Greyhound,  and 
illustrated  by  Fig.  122. 

The  curve  AA  in   the  diagram  is   termed  a  "curve  of 
resistance;"  measurements  along  the  base-line  XY  repre- 


^Ktd  in  fist  ptr  imjuiU 


senting  speeds  (in  feet  per  minute),  and  the  lengths  of  the 
ordinates  drawn  perpeudiciUar  to  XY  representing  the 
resistances  of  a  ship  or  model  (in  pounds)  at  the  various 
speeds.  To  construct  the  curve,  the  model  is  towed  at  a 
certain  speed — say,  240  feet  per  minute — and  its  resistance 
recorded  by  means  of  suitable  dynamometrical  apparatus ;  a 
length  (ad,  in  Fig.  122)  representing  this  resistance  is  then 
set  off  along  the  ordinate  drawn  perpendicularly  to  XY  at 
the  point  {d)  corresponding  to  the  speed.  This  process 
having  been  repeated  for  a  considerable  number  of  speeds,  a 
series  of  points  (such  as  a)  is  determined,  and  through  these 
the  curve  AA  is  drawn.  By  simple  measurement  of  an 
ordinate  of  this  curve   the   resistance  can  '. 
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at  any  speed  within  the  limits  over  which  the  experiments 
extend.  Having  measured  the  immersed  surface  of  the 
model,  and  ascertained  by  experiment  its  proper  coefficient 
of  friction,  the  frictional  resistance  can  be  easily  calculated 
for  each  of  the  experimental  speeds.  The  value  of  the 
frictional  resistance  at  each  speed  is  then  set  off  from  the 
base-line  XY,  on  the  same  scale  as  was  chosen  for  the  total 
resistance  curve  AA,  the  length  3h  representing  the  frictional 
resistance  at  the  speed  of  240  feet.  A  curve  of  frictional 
resistance  (BB)  is  thus  obtained  for  the  model ;  and  this 
operation  completes  all  that  need  be  done  for  the  model ; 
furnishing  the  data  from  which  the  resistance  of  the  full- 
sized  ship  can  be  estimated. 

In  the  case  of  the  Greyhotmd  the  model  was  one-aiocteenth 
of  the  full  size  of  the  ship  :  hence  for  the  scale  of  comparison 
mentioned  above,  D  =  1 6 ;  ^/D  =  4  ;  and  the  "  corresponding 
speeds  "  of  the  ship  will  be  four  times  those  of  the  modeL 
In  Fig.  122  the  speeds  in  feet  per  minute  marked  lelow  the 
line  XY  are  speeds  for  the  model ;  those  marked  above  the 
line  are  speeds  for  the  ship.  For  resistances  at  the  cor- 
responding speeds,  the  law  stated  above  becomes — 

Kesistance  of  ship  =  (16)^  x  resistance  of  model 

=  4096  X  resistance  of  model. 

This  change,  therefore,  simply  amounts  to  an  alteration  in 
the  scale  of  measurement  of  the  ordinates  of  the  curve  AA ; 
whatever  length  represents  1  lb.  for  the  model  must  represent 
4096  lbs.  for  the  ship.  The  appropriate  correction  is  made 
in  Fig.  122  by  the  scale  of  "  resistance  of  ship  "  drawn  at 
the  right-hand  side  of  the  diagram.  It  wiU  be  remarked 
that  this  scale  provides  for  resistance  in  fresh  water,  as  well 
as  in  sea-water,  the  salt-water  resistance  exceeding  that  for 
fresh  water  in  the  ratio  in  which  the  density  is  greater  than 
that  of  fresh  water  ;  but  this  is  not  an  important  feature  of 
the  experiments,  having  been  introduced  only  because  Mr. 
Fronde  uses  fresh  water  in  his  experimental  tank.  Having 
corrected  the  vertical   scale  of  resistance   in  the  manner 
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described,  it  would  be  possible  to  measure  the  resistance  of 
the  ship  for  any  speed  from  the  ordinates  of  the  curve  AA, 
were  not  a  correction  needed  in  the  frictional  resistance  on 
account  of  the  length  of  the  ship  exceeding  that  of  the 
model  so  greatly.*  This  difficulty  Mr.  Froude  meets  by  a 
simple  device.  The  frictional  resistance  of  the  ship  is 
calculated  for  the  various  speeds,  making  use  of  her  actual 
coefficient  of  friction  (allowing  for  her  greater  length),  and 
these  values  are  set  off  (on  the  proper  scale,  and  on  ordinates 
representing  the  corresponding  speeds)  downwards  from 
the  curve  BB,  which  represents  the  frictional  resistance 
of  the  model ;  through  the  points  thus  determined  the 
curve  CCC  is  drawn.  Then,  to  determine  the  resistance 
of  the  ship  at  any  speed,  instead  of  measuring  from 
the  base-line  XY,  it  is  necessary  to  measure  from  the 
line  CC. 

Take,  once  more,  the  speed  of  240  feet  per  minute  for  the 
model ;  this  represents  a  speed  of  960  feet  for  the  ship  (or 
about  9|  knots  per  hour).  The  length  ac  on  the  ordinate, 
corresponding  to  this  speed,  represents  the  total  resistance  of 
the  ship,  on  the  proper  scale ;  and  the  length  he  represents 
on  the  same  scale  the  frictional  resistance  of  the  ship,  while 
ed  represents  the  diminution  of  the  frictional  resistance  of 
the  ship  as  compared  with  the  model,  and  will  be  seen  to  be 
of  considerable  amount. 

This  brief  description  of  a  method  of  investigation  which 
is  wholly  due  to  Mr.  Froude,  and  has  been  carried  out  by  him 
to  a  thoroughly  successful  issue,  will  prove  of  value  to 
readers  who  cannot  avail  themselves  of  the  fuller  published 
accounts ;  but  all  who  can  do  so  will  be  well  repaid  by  the 
study .t  What  the  outcome  of  these  experiments  may  finally 
be,  it  is  impossible  to  say,  but  the  aims  of  Mr.  Froude  }  are 


♦  See  the  remarks  on  page  439.  ciation,  referred  to  in  the  preceding 

f  See    the   TransadUms  of  the  pages, 
laatitation    of    Naval    Architects,  %  In  his  lecture  at   the  Royal 

and  Proceedings  of  the  British  Asso-  Institution. 
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fofficiently  expressed  in  the  following  passages : — ^  By  these 
**  experiments  I  hope  not  only  to  obtain  a  great  many  com- 
**  parisonSy  showing  at  once  the  superiorities  of  some  forms  to 
^  others,  but  to  deduce  general  laws  by  which  the  influence 
^  of  variation  of  form  upon  wave-making  resistance  may  be 
^predicted.  Already  indeed  some  most  instructive  pro- 
^positions  concerning  the  operations  of  this  cause  of  re- 
**  sistance  have  shaped  themselves."  ...  ^  I  do  not  profess  to 
^  direct  anyone  how  to  find  his  way  straight  to  the  form  of 
^  least  resistance.  For  the  present  we  can  but  feel  our  way 
^cautiously  towards  it  by  careful  trials^  using  only  the 
^  improved  ideas  which  the  stream-line  theory  supplies, 
^as  safeguards  against  attributing  this  or  that  result  to 
**  irrelevant  or  rather  non-existing  causes.** 

In  conclusion,  it  should  be  mentioned  that  in  the  actual 
propulsion  of  a  ship  the  air  exercises  an  appreciable  resist- 
ance, especially  if  she  is  a  rigged  ship ;  and  that  the  resist* 
ance  of  the  water  in  a  seaway  must  be  different  from  that  of 
smooth  water,  which  alone  has  been  considered  in  this 
chapter.  Respecting  the  last-mentioned  feature,  it  will  suffice 
to  say  that  the  state  of  the  sea  and  the  motions  of  pitching 
and  rolling  vary  so  greatly  at  different  times  that  any 
attempt  to  express  the  increase  in  resistance  by  an  exact 
method  .would  bo  hopeless,  even  if  there  were  a  complete 
theory  for  resistance  in  smooth  water.  Experience,  how- 
ever, confirms  the  accuracy  of  an  opinion  which  would  be 
formed  on  the  most  superficial  investigation,  viz.  that 
great  length,  size,  and  weight  in  ships  give  them  a  greater 
power  of  maintaining  their  speed  in  a  seaway.  The  regu- 
larity of  the  passages  made  by  the  large  Transatlantic 
steamers,  under  very  various  conditions  of  wind  and  weather, 
supply  the  best  possible  illustration  of  this  general  statement, 
which  has,  however,  to  do  with  propulsion  rather  than  with 
resistance. 

As  to  air  resistance,  there  have  been  very  few  trustworthy 
experiments.     Mr.   Fronde,  in  his  experiments  with   the 
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Oret/hotmdy  which  was  not  rigged  at  the  time,  found  that, 
when  the  speed  of  the  wind  past  the  ship  was  15  knots  per 
hour,  it  produced  an  effect  on  the  hull  measured  by  a  force 
of  330  lbs.  For  other  speeds  of  wind  past  the  ship,  it  was 
assumed  that  the  effect  varied  as  the  square  of  the  speed ; 
and  it  need  hardly  be  added  that  in  the  case  where  a  ship  is 
steaming  head  to  wind  air  resistance  must  be  greatest,  since 
the  speed  of  the  wind  past  the  ship  then  equals  the  sum  of 
her  own  speed  and  that  of  the  wind.  The  absolute  force 
of  the  air  resistance  in  the  QreyJumnd  was  thus  found  to  be 
small ;  but  if  the  vessel  had  been  masted  and  rigged,  the 
resistance  would  have  been  greater.  Mr.  Froude  does  not 
expressly  state,  in  his  repoi*t  on  this  experiment,  what  scale  of 
allowance  he  employed  in  estimating  the  additional  resist- 
ance due  to  the  passage  of  the  masts  and  rigging  through 
the  air ;  but  from  the  particulars  which  he  has  since  furnished 
to  the  Author,  it  appears  that  the  total  resistance  of  the 
masts  and  rigging  was  taken  about  equal  to  that  of  the  hull* 
At  a  speed  of  10  knots  through  still  air^  this  would  give  a 
total  air  resistance  of  about  300  lbs.,  the  corresponding  total 
of  water  resistance  being  about  10,200  lbs.;  making  the 
air  resistance  about  ^  part  of  the  water  resistance.  If 
the  ship  steamed  head  to  wind  at  a  speed  of  8  knots,  the 
actual  speed  of  the  wind  being  7  knots,  it  would  pass  the  ship 
with  a  relative  spe^d  of  15  knots ;  the  air  resistance  would 
then  probably  have  a  total  of  about  650  lbs.,  whereas  (if  the 
water  were  smooth)  the  total  water  resistance  would  be 
about  5600  lbs.,  the  air  resistance  rising  to  about  ^  of  the 
water  resistance.  These  results  may  not  be  exactly  correct, 
but  they  are  suflBciently  so  for  illustrative  purposes;  they 
explain  the  considerable  decrease  in  speed  in  ships — es* 
pecially  rigged  ships — steaming  head-to-wind ;  and  they 
are  so  considerably  in  excess  of  what  would  have  been 
predicted  on  purely  theoretical  grounds  as  to  indicate  the 
desirability  of  further  experiments  on  the  air  resistance  to 
rigged  ships.    Up  to  the  present  time,  we  have  little  infor- 
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mation  of  an  exact  or  trustworthy  character  on  this  im- 
portant subject. 

The  experiments  required  are  very  simple.  All  that  is 
necessary  is  to  allow  a  ship  to  drift  before  the  wind,  to  note 
the  uniform  speed  which  she  will  ultimately  attain  through 
the  water,  and  to  measure  the  velocity  of  the  wind  past  (lie 
ship ;  her  condition  aloft  must  also  be  recorded,  as  to  spars 
on-end,  running  rigging  rove,  &c.  The  water  should  be 
approximately  smooth,  and  the  ship  should  owe  her  drift 
simply  to  the  air  pressure,  not  to  tides  or  currents.  The 
resistance  of  the  water  at  the  uniform  speed  of  drift  must 
then  exactly  equal  the  total  air  resistance ;  and  this  water 
resistance  could  be  ascertained  by  other  experiments  made 
either  with  the  ship  or  with  models.  Accuracy  would  be 
increased  and  more  valuable  information  obtained  if  the 
same  ship  were  made  the  subject  of  several  experiments^ 
including  two  sets :  one  made  with  the  same  condition  as  to 
spars  and  rigging  aloft,  but  with  different  forces  of  wind ; 
the  second  set  made  with  different  conditions  of  rig,  while 
the  actual  speed  of  the  wind  remained  constant.  This  is  a 
matter  which  will  be  likely  to  commend  itself  to  the  attention 
of  naval  men  when  they  learn  the  imperfect  condition  of  our 
present  knowledge  of  the  subject. 

As  to  the  air  resistance  on  the  hull  only,  there  appears 
good  reason  for  adopting  the  rule  which  Mr.  Froude  has 
suggested,  viz.  that,  if  the  above-water  portions  of  the  hidl  are 
projected  back  upon  the  midship  section  of  a  ship,  and  the 
total  area  (A)  inclosing  these  projections  is  determined,  then 
the  air  resistance  on  that  area  (A)  will  approximately  equal 
the  air  resistance  on  the  hull  for  any  assumed  speed.  In  the 
Oreyhound  the  area  A  was  somewhat  less  than  400  square  feet ; 
Mr.  Froude  has  ascertained  by  experiment  that  at  a  speed 
of  1  foot  per  second  the  air  resistance  per  square  foot  on  a 
plane  area  is  about  equal  to  ^^y^^  lb.  A  speed  of  15  knots 
per  hour  equals  about  25J  feet  per  second ;  and  since  the 
air  resistance  varies  as  the  square  of  the  speed,  the  speed  of 
15  knots  should  correspond  to  a  j)ressure  of  about  1  lb.  Y^r 
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square  foot  of  area.  Hence  the  total  air  resistance  on  the 
Oreyhotmd  for  a  speed  of  15  knots  past  the  ship  should  be 
about  400  lbs.  by  this  law ;  and  by  experiment  it  was  deter- 
mined to  be  330  lbs.  This  approximate  rule  may  be  found 
useful  for  purposes  of  comparison  between  different  types  of 
ships ;  and  in  mastless  ships  it  will  give  a  fair  estimate  of 
the  total  air  resistance  at  any  assigned  speed  of  wind  past 
the  ships.  Rigged  ships  present  a  more  difficult  problem, 
which  can  be  best  dealt  with  experimentally  in  the  manner 
described  above. 
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CHAPTER  XIL 

PBOPULSION   BY  SAILS. 

The  efficient  management  of  a  ship  nnder  sail  famishes  one 
of  the  most  notable  instances  of  skilfol  seamanship.     In 
different  hands  the  same  ship  may  perfonn  yery  differently. 
Changes  in  stowage  and  trim  also  affect  the  performance ; 
but  such  changes  as  an  officer  in  command  can  make  are 
necessarily  limited  in  their  scope  and  character;  and  some 
ships  can  neyer  be  made  to  sail  well,  haying  some  radical 
fault  in  their  designs.     Without  intruding  upon  the  domain 
of  seamanship,  the  nayal  architect  requires,  therefore,  to 
study  yery  carefully  the  conditions  of  sail-power,  and  the 
distribution  of  sails  in  a  new  design,  if  the  completed  ship 
is  to  be   fairly  successful.    His  success  or  failure  greatly 
depends  upon  the  possession  of  information  respecting  the 
performances  and  sail  spread  of  ships  of  similar  type  and  rig ; 
haying  such  information,  the  {)roce8S  by  which  the  total  sail 
spread  and  the  distribution  of  the  sail  are  determined  in  the 
new  ship  is  by  no  means  difficult  or  complex.     Taking  the 
exemplar  ships,  and  the  reports  on  their  sailing  qualities,  an 
analysis  is  made  of  the  sail  areas,  the  distribution  of  the  sail 
longitudinally  and  yertically,  the  transyerse  stability,  and 
some  other  particulars.    Furnished   with  these  data,  and 
haying  regard  to  the  known  qualities  of  the  completed  ships, 
it  is  possible  to  secure  similar,  or  perhaps  improyed,  perform- 
ance in  the  new  design.     Apart  from  such  experience,  how- 
eyer,  the  nayal  architect  would  be  unable  to  be  equally 
certain  of  obtaining  good  results  ;  and  in  cases  where  great 
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strides  are  taken  in  a  new  design,  away  from  the  sizes  and 
proportions  or  sail  plans  of  existing  ships,  the  arrangement 
of  the  sail-power  cannot  but  be,  to  a  large  extent,  experi- 
mental. Illustrations  of  this  are  to  be  found  in  the  earlier 
ironclads  of  the  Royal  Navy,  such  as  the  Achilles  and 
Minotaur  classes,  in  which  the  sizes,  lengths,  and  proportions 
of  length  to  breadth  were  all  much  greater  than  in  pre- 
ceding ships.  When  first  fitted  with  four  masts,  the 
Achilles  did  not  perform  well  under  sail;  but  as  now 
arranged  with  three  masts,  she  stands  high  among  the  iron- 
clads. The  Warrior^  on  the  other  hand,  a  ship  of  the  same 
class  as  the  Achilles,  proved  successful  under  sail  from  the 
first;  haying  only  three  masts.  In  fact,  although  the 
general  principles  of  propulsion  by  sails  were  long  ago 
formulated,  and  although  many  eminent  mathematicians  and 
naval  oflScers  have  endeavoured  to  assist  the  naval  architect 
by  constructing  general  rules  for  guidance,  there  is  even 
now  no  accepted  theory  fully  representing  the  conditions  of 
practice.  In  this  chapter  attention  will  be  confined  to  a  few 
of  the  fundamental  principles  of  propulsion  by  sails,  and  to 
the  simple  rules  which  are  commonly  observed  by  naval 
architects  in  arranging  the  sails  of  a  ship. 

Suppose  a  fixed  plane  surface  to  be  exposed  to  the  action 
of  a  wind  of  known  velocity,  blowing  steadily  at  right 
angles  to  the  plane ;  the  pressure  upon  it  will  then  be 
represented  by  the  expression — 

Pressure  on  plane  (in  lbs.)  =  C  x  (velocity)^  x  area  of  plane, 

where  C  is  a  constant  quantity  determined  by  experiment. 
This  law  is  not  exact,  but  is  sufficiently  so  for  practical 
purposes.  Some  doubts  exist  as  to  the  proper  value  to  be 
assigned  to  C ;  if  the  velocity  is  expressed  in  feet  per 
second  and  the  area  in  square  feet,  then,  according  to  the 
best  data  hitherto  available,* 


*  See  a  tabic  of  wind  speeds  and  '*  wind  scales  "  at  page  41  of  the 
pn>ssuresatpage90  of /S>Atp6ut7(/tf2^,  Barometer  Manual  ot  the  late 
Theoretical  and  Praeticdl ;  also  the      Admiral  Fitzroy. 
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Prepare  on  one  square  foot  [  ^  ^^.^^^,234  IK  x  (velocity)*, 
of  area  on  plane  .     .     .   j  ^  ^ ' 

Lieutenant  Paris,  of  the  French  navy,  eondncted  an  extensive 
series  of  experiments  on  the  pressnres  of  winds  of  yarions 
speeds,  in  connection  with  his  observations  on  waves,  and 
the  mean  coefficient  deduced  from  his  published  results 
very  nearly  agrees  with  that  stated  aboye,  being  0*00239.* 
These  observations  on  ship-board,  however  carefully  con- 
ducted, must  be  subjected  to  many  disturbing  causes  ;  and, 
moreover,  there  must  be  great  difficulty  in  determining 
accurately  the  Telocity  of  the  wind  past^  the  ship  and  past 
the  anemometer.  For  these  reasons  it  appears  preferable 
to  substitute  for  the  motion  of  the  wind  past  a  plane  the 
motion  of  a  plane  through  still  air,  in  order  to  obtain 
accurate  unit  pressures.  This  method  has  been  employed  by 
Mr.  Froude,  with  the  aid  of  his  delicate  automatic  apparatus 
for  measuring  resistance,  and  we  have  been  favoured  with 
some  of  the  results.  The  coefficient  thus  obtcdned  is  about 
28  per  cent,  less  than  that  obtained  by  previous  experi- 
menters ;  and  it  gives — 

Pressure  on  one  square  foot  1  ^  ^^^^  ^^  ^  (velocity)', 
of  area  on  plane  .      .      .   )  "^  ^  ^ 

According  to  the  earlier  experiments,  a  pressure  of  one  pound 
per  square  foot  of  surface  corresponds  to  a  speed  of  wind  of 
about  12  knots  per  hour;  according  to  Mr.  Froude,  that 
speed  would  bo  about  14  knots  per  hour.  The  latter  result 
appears  more  trustworthy ;  and  it  indicates  that  in  a  "  fresh 
breeze  "  or  "  top-gallant  sail  wind  "  (Force  5  to  6)  the  normal 
wind  pressure  per  square  foot  is  about  1  lb. 

The  classification  of  winds  is  a  subject  lying  outside  our 
present  field,  but  it  may  be  stated  that  authorities  agree  in 
assigning  a  speed  of  from  60  to  100  knots  per  hour  to  a 
"  hurricane  "  (Force  12),  the  corresponding  pressures  being 


*  See  Chapter  V.  |jagc  177,  and  the  full  description  of  the  obecrvation 
in  vol.  xxxi.  of  the  Rente  jnaritime. 
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fix)m  18  to  50  lbs.  per  square  foot.  The  "  storm-wind  "  (Force 
11)  would  have  a  speed  of  45  to  50  knots,  and  a  pressure  of 
from  11  to  13  lbs. ;  the  "  heavy  gale  "  (Force  10)  would  have 
a  speed  of  about  40  knots,  and  a  pressure  of  8  to  9  lbs. ;  the 
^'  strong  gale  "  (Force  9),  a  speed  of  about  34  knots,  and  a 
pressure  of  about  6  lbs. ;  the  **  fresh  gale  "  (Force  8),  a  speed  of 
about  28  knots,  and  pressure  of  about  4  lbs. ;  the  '^  moderate 
gale  "  (Force  7),  a  speed  of  about  23  knots,  and  a  pressure 
of  about  2}  lbs. ;  the  "  strong  breeze  "  (Force  6),  a  speed  from 
15  to  20  knots,  with  a  pjressure  from  11  b.  to  2  lbs. ;  and  the 
"  fresh  breeze  "  (Force  5),  the  upper  limit  of  1  lb.  pressure, 
corresponding  to  a  speed  of  14  knots  as  above.  All  these 
pressures  are  supposed  to  act  on  a  plane  area  of  one  square 
foot  placed  at  right  angles  to  the  direction  of  the  wind. 

If  this  plane  area  were  placed  obliquely  to  the  direction 
of  the  wind,  the  pressure  upon  it  would  diminish ;  but  the 
law  of  the  decrease  does  not  appear  to  have  been  ascertained. 
Formerly  it  was  supposed  that  for  any  angle  of  inclination 
a  of  the  plane  to  the  direction  of  the  wind,  or  '^  angle  of 
incidence," 

Wind  pressure  =  normal  pressure  (due  to  velocity)  x  sin*  a. 

This  law,  however,  is  known  to  be  incorrect,  making  the 
wind  pressure  less  than  the  true  pressure,  especially  for 
small  angles  of  incidence.  Mr.  Fincham  (in  his  treatise 
on  Masting  Ships)  gave  the  results  of  experiments  made  by 
the  French  Academy  of  Sciences,  on  the  comparative  resist^ 
ances  of  water  to  the  motion  of  wedge-shaped  bodies,  the 
plane  surfaces  of  the  wedges  having  been  set  at  various 
angles  of  obliquity ;  and  he  proposed  to  use  these  results  in 
estimating  the  effective  pressure  of  the  wind  acting  obliquely 
on  the  sails.  According  to  these  experiments,  the  law  of  the 
'^  square  of  the  sine  of  the  angle  of  incidence  "  above  stated 
held  very  closely  up  to  70  degrees,  but  for  smaller  angles 
of  incidence  the  actual  pressure  exceeded  the  pressure  given 
by  this  law,  and  gradually  approached  the  product  of  the 
normal  pressure  by  the  sine  of  the  angle.    When  the  angle  of 
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UMridence  was  about  25  degrees,  the  plane  being  indined  63 
degrees  from  the  normal  position,  the  law  of  the  rane  held 
exactly.  The  results  for  greater  inclinations  need  not  be 
given ;  they  appear  inexplicable.  In  fact,  these  experiments 
do  not,  and  could  hardly  be  expected  to,  furnish  any  trust- 
worthy information  as  to  the  effective  pressure  of  wind  on  the 
sails.* 

Apart  from  experiment,  it  seems  reasonable  to  suppose 
that  the  wind  pressure  on  a  plane  placed  obliquely  should 
vary  nearly  as  the  sine  of  the  angle  of  incidence,  within  the 
limits  which  arc  important  in  practice ;  and  although  this 
law  may  not  be  exact,  it  will  be  sufficiently  so  for  practical 
purposes. 

A  sail  acted  upon  by  the  wind  either  normally  or  obliquely 
would  not  remain  plane,  but  would  become  concave  on  the 
windward  side,  or  would  "  belly  out"  According  to  the  ex- 
periments of  M.  Thibault  (quoted  by  Professor  Bankine), 
**  the  im])ul8e  of  the  wind  upon  a  sail  of  the  usual  concave 
**  figure  is  very  nearly  equal  to  its  impulse  on  an  equal  area 
**  of  plane  surface."  But  experience  appears  to  show  that 
the  more  nearly  plane  the  surface  of  a  sail  can  be  kept,  the 
greater  will  be  the  pn>jx*lling  force  derived  from  the  wind 
pressure  uptm  it.  ^  All  slack  canvas,"  says  Mr.  Fincham, 
**  whether  sailing  by  the  wind  or  large,  lessens  the  effect  of 
•*  the  sail ;  and  even  before  the  wind,  when  the  slack  reef  is 
•*  out,  the  power  which  acts  on  the  sail  will  be  reduced  very 
«*  considerably  on  the  curved  surface ;  less  even  than  the 
•*  Imso  of  the  same  curve,  or  than  if  the  sail  were  set  taut-up, 
^  but  rotluced  to  the  same  hoist  or  distance  between  the 
*  yards  as  when  slack." 

Sails  attached  to  ships  are  not  fixed  in  {xisition  like  the 
piano  and  sail  just  ct^nsiderod,  but  necessarily  move  with 
the  shii>.    Hence,  in  dealing  with  the  propulsive  effect  of  a 


•  See  tbo  dotaiU  pvcn  by  M.      nients  wvrt  ccmdnctod  >»t  Bossut, 
Bmirjois«  in  b»  Mcmoi'i't  mir  hi      C\»nJiiroetH  ana  l>'Aleml»crt. 
Eemidanoc  dt  TEau.    The  txiwi- 
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wind  of  which  the  absolute  direction  and  force  are  known,  it 

is  necessary  to  take  account  also  of  the  motion  of  the  ship ; 

or,  as  it  is  usually  expressed,  it  is  necessary  to  determine  the 

apparent  direction  and  Telocity  of  the  wind«    This  can  be 

done  easily  in  any  case  for  which  the  course  and  speed  of 

the  ship,  as  well  as  the  true  direction  and  velocity  of  the 

wind,  are  known ;  the  simple  general  principle  being  that 

the  apparent  motion  of  the  wind  is  the  resultant  of  the 

actual  motion  of  the  wind,  and  a  motion  equal  and  opposite 

to  that  of  the  ship.    A  vane  at  the  mast-head  would  indicate 

the  apparent  direction  of  the  wind,  and  not  its  true  direction; 

an  anemometer  on  board  would  measure  the  apparent  velocity 

of  the  wind. 

Take  the  simplest  case :  a  vessel  with  a  single  square  sail 

running  "  dead  before  "  the  wind.    If*  the  speed  of  the  wind 

is  y  feet  per  second,  and  that  of  the  ship  t;,  as  the  direction 

of  both  motions  is  identical,  the  resultant  of  the  actual  speed 

of  the  wind  and  the  reversed  motion  of  the  wind  will  be 

V— v  feet;    and    this    apparent    motion  will  govern  the 

propulsive  efiTect.    For  example,  let  the  speed  of  the  wind 

be  15  feet  per  second ;  that  of  the  ship  5  feet  per  second ; 

the  apparent  speed  of  the  wind  will  be  10  feet  (15  — 5) ;  and 

the  pressure  per  square  foot  of  area  of  sail  will  be  given  by 

the  equation : — 

17  17 

Pressure  =  -jooOO"^  ^^  =  lOO  ^^• 

The  pressure  of  this  wind  on  a  fitted  sail  would  be  about  2| 
times  as  great.  From  this  simple  illustration  it  will  be  seen 
that  it  is  most  important  to  determine  accurately  the 
apparent  motion  of  the  wind. 

As  a  second  illustration,  take  the  case  of  a  vessel  sailing 
on  a  wind  close-hauled,  with  the  wind  lefore  the  beam.  To 
simplify  matters,  let  a  single  square  sail  be  considered,  set 
on  the  yard  marked  XY  in  Fig.  123.  AB  represents  the 
middle  line  of  the  ship,  the  outline  of  the  "  plan  "  being  in- 
dicated. The  line  WWi  represents  the  a^ttiai  direction  of 
the  wind ;  let  M Wi  represent  (on  a  certain  scale  of  feet)  its 
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velocity.    The  line  CC  shows  the  course  of  the  ship ;  and 
on  WiD  (which  is  drawn  parallel  to  CC)  a  length  WiD  is 

set  off  to  represent 


w 


FIG. 123 


c— y<r:ii:; 


^  -1% 


a  motion  equal  and 
opposite  to  that  of 
the  ship,  the  same 
scale  being  nsed  for 
WiD  as  was  em- 
ployed for  the  length 
MWi.  Join  MD; 
then  MD  represents 
in  magnitude  and 
direction  the  apparent  velocity  of  the  wind.  MD  is  greaier 
than  the  actual  velocity  MWi ;  but  its  direction  makes  a 
more  acute  angle  with  the  sail  on  XY  than  does  the  actual 
direction  WWi. 

The  case  of  a  ship  sailing  with  the  wind  abaft  the  beam 
is  illustrated  in  Fig.  124 ;  the  reference  letters  being  similar 
to  those  in  Fig.  123,  no  description  is  needed.  Here  the 
resultant  MD  is  less  than  the  actual  velocity  MWi ;  but,  as 
in  the  previous  case,  it  makes  a  more  acute  angle  with  the  sail 
onXY. 

With  these  two  examples  before  him,  the  reader  will  have 

no  difficulty  in  readily 
determining  the  ap- 
parent velocity  and 
direction  of  the  wind, 
corresponding  to  ob- 
served actual  speeds 
and  directions  of  the 
wind,  and  observed 
speeds  of  a  ship  on  a 
certain  course.  But 
this  is  by  no  means  a 
complete  solution  of 
the  question  which  presents  it«elf  in  practice,  and  takes 
ike  form: — Given  a  certain    actual  direction   and  speed 
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of  wind,  and  the  sail  area  and  angle  of  bracing  for  the  yards, 
what  will  be  the  course  of  the  ship,  and  her  speed  of  advance  ? 
To  answer  the  question  fully  and  correctly  requires  data 
beyond  those  at  present  possessed;  but  an  approximate 
solution  is  possible. 

Beverting  to  the  case  of  a  ship  sailing  on  a  wind  (Fig. 
123),  suppose  the  apparent  direction  and  speed  of  the  wind 
to  have  been  determined ;  and  further  suppose  the  pressure 
on  the  sail  corresponding  to  this  apparent  wind  to  be  known, 
its  line  of  action  being  horizontal.  In  Fig.  125,  let  EM  re<- 
present  this  pressure,  its  line  of  action  corresponding  to  MD 
produced  in  Fig.  123.  The  pressure  acting  along  EM  may 
be  regarded  as  the  resultant  of  two  components :  one  (EF) 
acting  parallel  to  the  sail  XY,  and  not  sensibly  affecting  it ; 
the  second  (FM)  acting  normally  to  the  sail.  This  normal 
pressure,  again,  may 
be  regarded  as  made  rlQ.Ico 

up  of  three  pressures : 
one  of  these  (shown  by 
GM)  acts  longitudi- 
nally ;  the  other  (FG) 
acts  athwartships,  and 
the  third  acts  vertically,  at  right  angles  to  the  other  two, 
which  act  horizontally.  For  moderate  angles  of  steady 
heel  under  sail,  such  as  are  common  in  ships,  the  vertical 
component  of  the  normal  pressure  is  not  of  much  im- 
portance, and  it  is  usually  neglected.  In  all  cases,  however, 
it  tends  to  increase  the  immersion  of  a  ship ;  and  in  some 
cases,  when  the  angle  of  heel  is  considerable,  this  effect 
may  be  noteworthy.  Let  it  be  assumed  for  the  present 
that  only  the  horizontal  components  FG  and  GM  require 
to  be  considered. 

When  the  motion  of  the  vessel  has  become  uniform  under 
the  action  of  a  wind  of  constant  force  and  unchanging  direc- 
tion, it  will  take  place  along  some  line,  such  as  CC,  lying 
obliquely  to  her  middle  line  AB.  This  motion  may  be  re- 
solved into  two  parts :  one,  a  direct  advance,  in  the  line  AB, 
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at  a  certain  speed ;  the  other,  a  drift  to  leeward  perpen- 
dicularly to  AB.  To  the  uniform  speed  of  direct  advance 
will  correspond  a  certain  resistance  of  the  water,  the  general 
character  of  which  agrees  with  that  sketched  in  the  preceding 
chapter,  except  in  one  particular.  In  that  chapter  the  ship 
was  supposed  upriffht;  when  the  forms  of  her  water-lines 
would  be  symmetrical  about  the  middle-line  plane ;  but  under 
sail  a  vessel  heels,  the  symmetry  of  form  is  destroyed,  and  the 
character  of  the  stream-line  motions  may  be  so  affected  as  to 
cause  a  somewhat  greater  resistance  than  when  the  vessel  was 
upright  When  the  ship  has  attained  a  uniform  speed,  the 
direct  resistance  of  the  water  will  be  balanced  by  the  sum  total 
of  the  longitudinal  components  of  the  wind  pressures  (such  as 
M6,  Fig.  125)  on  all  the  sails.  This  resultant  wind  pressure 
will  act  along  a  line  at  a  considerable  height  above  the 
equal  and  opposite  horizontal  component  of  the  water 
resistance ;  and,  therefore,  these  two  forces  will  form  a  couple 
tending  to  change  the  trim  and  depress  the  bow;  but  (as 
explained  at  page  88)  the  longitudinal  stability  of  a  ship 
is  relatively  so  great  that  very  small  changes  of  trim 
usually  take  place.  As  an  example,  suppose  the  Oreyhound 
sailing  at  a  speed  of  6  knots ;  her  resistance  would  bo  about 
1 J  ton,  and  the  arm  of  the  couple  would  be  about  60  feet ; 
the  moment  would,  therefore,  be  about  90  foot-ton?,  cor- 
responding to  a  change  of  trim  of  less  than  one  inch. 

To  the  uniform  speed  of  drift  to  leeward  will  also  corre- 
spond what  may  be  termed  a  lateral  resistance,  which  will 
be  equal  and  opposite  to  the  sum  total  of  all  such  transverse 
components  of  the  wind  pressure  as  FG,  Fig.  125.  It  has 
already  been  explained  that  these  two  forces  form  a  couple 
which  will  heel  the  ship  until  a  transverse  inclination  is 
reached  at  which  the  moment  of  stability  equals  the 
moment  of  the  couple.*     This  angle  of  heel  under  canvas 


•  See  I  a^'c  62  and  Fig.  29,  ponenta  of  tlie  wind  pressure,  and 
where  the  forces  P  represent  the  re-  the  equal  and  opposite  force  of 
sultant  of  all  the  transverse  com-      lateral  n.'sistancc. 
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varies  according  to  the  ^  stifbess  "  of  the  ship  in  relation  to 
her  spread  of  sail  and  the  force  of  wind ;  hereafter  we  shall 
explain  the  rule  which  is  used  for  determining  the  "  power 
to  carry  sail "  in  various  classes  of  ships. 

Combining  these  two  motions — advance  along  the  line  of 
keel  due  to  the  sum  total  of  the  longitudinal  components  of 
the  wind  pressure,  and  drift  to  leeward  due  to  the  sum  total 
of  the  transverse  components — it  will  be  seen  that  the  actual 
course  of  the  ship  must  be  along  some  line,  such  as  CC,  in 
Fig.  125.  The  angle  made  by  this  line  with  the  line  of 
keel  (AB)i8  called  the  "angle  of  leeway,"  and  in  good 
examples  of  sailing  ships  it  is  said  rarely  to  exceed  from 
8  to  12  degrees  when  sailing  close-hauled,  although  in  less 
successful  vessels  the  angle  is  much  greater.  The  magnitude 
of  the  angle  depends  upon  the  ratio  of  the  velocity  of  advance, 
or  headway,  to  the  velocity  of  drift,  or  leeway ;  and  these 
velocities  are  governed  by  varying  conditions  requiring 
consideration. 

Suppose,  for  example,  a  ship  close-hauled,  as  in  Fig.  125, 
with  her  yards  braced  to  a  certain  angle  with  the  keel-line, 
to  be  instantaneously  at  rest  when  the  wind  strikes  upon  her 
sails.  For  that  instant  the  real  direction  of  the  wind  is  also 
its  apparent  direction,  since  the  vessel  is  motionless ;  and  the 
resultant  pressure  will  have  longitudinal  and  transverse  com- 
ponents, which  are  unbalanced  p'esaures ;  the  result  will  be 
that  the  vessel  will  acquire  headway  and  leeway.  At  first 
her  motion  will  be  slow,  but  it  will  gradually  increase, 
because  at  these  low  speeds  the  direct  and  lateral  resistances 
of  the  water  at  any  instant  mU  be  much  less  than  the  longi- 
tudinal and  transverse  components  of  the  wind  pressure  on 
the  sails.  The  motion  will,  therefore,  continue  to  be  accele- 
rated, both  ahead  and  to  leeward,  until  in  each  direction  the 
corresponding  component  of  the  wind  pressure  is  opposed  by 
an  equal  and  opposite  fluid  resistance.  In  obtaining  these 
components,  allowance  must  of  course  be  made  for  the  ap- 
parent direction  and  velocity  of  the  wind  at  each  instant ; 
and,  finally,  when  uniform  motion  and  a  definite  angle  of 
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leeway  have  been  reachecl,  the  conditions  illmtraied  by 
Figs.  123  and  125  will  be  in  force.  The  actual  diiectioo 
and  velocity  of  the  wind  remain  constant,  during  all 
these  changes  in  its  apparent  direction  and  propulmre 
effect 

From  the  foregoing  explanations  it  will  appear  that  the 
greatest  care  must  be  taken  in  determining  the  angle  to 
which  the  yards  shall  be  braced,  or  the  sails  set,  in  order  to 
secure  the  greatest  speed  when  sailing  on  a  wind«  This  is 
pre-eminently  a  question  of  seamanship ;  but  it  has  engaged 
the  attention  of  many  eminent  mathematicians,  whose 
investigations  still  remain  on  record.  All  these  investigaticxis 
were  based  upon  certain  assumptions,  as  to  the  effective 
pressure  of  a  wind  acting  obliquely  upon  the  sails,  the 
apparent  direction  and  velocity  of  that  wind  being  known. 
In  Fig.  125,  for  example,  if  EM  represents  in  direction  and 
magnitude  the  "  pressure  due  to  the  apparent  velocity  *'  of 
the  wind — that  is,  the  pressure  it  would  deliver  upon  a  plane 
area,  say,  of  one  square  foot  placed  at  right  angles  to  EM — the 
effective  pressure  (FM)  would,  according  to  the  law  formerly 
received,  have  l>een  expressed  by  EM  sin*  EMX.  It  has 
been  shown  that  this  law  cannot  be  iiccepted  ;  and  therefore 
the  elaborate  deductions  which  have  been  made  from  investi- 
gations biiHcd  upon  it  have  now  little  interest.  Even  if  the 
tnio  law  were  determined,  mathematical  inquiries  could 
never  be  trusted  to  replace  the  judgment  of  the  sailor  in 
determining  the  most  efficient  angle  for  bracing  the  yards 
or  trimming  the  sails.  So  many  varying  circumstances  have 
to  bo  encountered  in  the  navigation  of  a  sailing  vessel  that 
theory  can  never  bo  expected  to  take  complete  cognisance  of 
them  all.  The  decision  as  to  the  best  mode  of  handling 
a  sailing  ship  must  always  rest,  where  it  has  always  rested, 
in  the  hands  of  her  commander.  One  thing,  however,  is 
obvious  from  the  preceding  remarks,  viz.  that  it  is  a  very 
great  advantage  to  a  ship  in  sailing  close-hauled  to  be  able 
to  brace  her  yanls  up  veiy  sharply,  in  order  to  secure  the 
most  advantageous  angle  of  incidence  (EMX,  Fig.  25)  of 
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the  wind  upon  the  sails,  and  thereby  render  the  propelling 
force  as  great  as  possible  under  the  circumstances.  In  this 
respect,  square-rigged  vessels  compare  unfavourably  with 
fore-and-aft-rigged  vessels,  the  shrouds,  stays,  &c.  imposing 
serious  limitations  upon  the  bracing  of  the  yards.  After 
bringing  together  and  digesting  a  great  mass  of  facts  re- 
specting sailing  ship?,  Mr.  Fincham  summed  up  this  matter 
as  follows: — "When  close-hauled,  experience  has  shown 
"that  the  yards  in  square-rigged  vessels  can  seldom  be 
"  braced  sufficiently  sharp  to  obtain  the  most  advantageous 
"  position  for  plying  to  windward."  He  also  gave  from  13 
to  17  degrees  with  the  keel  as  the  angles  which  the  sails  of 
a  fore-and-aft-rigged  vessel  seldom  exceed  on  a  wind,  such 
angles  being  less  than  can  be  reached  in  all,  or  nearly  all, 
square-rigged  vessels. 

I'he  tangent  of  the  angle  of  leeway  (AMC,  in  Fig.  125) 
equals  the  ratio  of  the  speed  of  drift  to  the  speed  ahead. 
These  speeds  depend  upon  various  conditions,  some  of  which 
have  been  mentioned.  It  will  be  evident,  for  example,  that 
variations  in  the  angle  (AMX)  to  which  the  yards  are 
braced  will  affect  both  the  absolute  and  the  relative  values 
of  the  transverse  and  longitudinal  components  of  the  wind 
pressure.  If  the  normal  pressure  (FM)  were  known,  we 
should  have — 

Transverse  pressure    ^  FG   __  _^ 

Longitudinal  pressure  ""  GM  "" 

Suppose  AMX  =  30  degrees :  then 

Transverse  pressure  =  longitudinal  pressure  \/3. 

The  speeds  ahead  and  to  leeward  clearly  do  not  depend 
simply  upon  this  ratio  of  the  longitudinal  to  the  transverse 
wind  pressures ;  they  are  governed  far  more  by  the  relative 
resistances  of  the  water  to  the  motion  of  the  ship  ahead  and 
to  leeward.  Even  if  the  two  pressures  were  exactly  equal,  the 
resistance  to  leeway  would  be  much  greater  than  the  resist- 
ance to  headway,  and  the  speed  of  advance  would  much 

2  I 
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exceed  the  speed  of  drift.  In  every  case,  for  uniform  motion^ 
these  speeds  must  develop  resistances  exactly  balancing  the 
respective  components  of  the  wind  pressure  ;  so  that,  when 
these  components  are  known,  it  is  still  necessary  to  discover 
the  speeds  corresponding  to  resistances  equalling  the  known 
pressures,  in  order  to  fix  the  angle  of  leeway. 

In  the  preceding  chapter  resistance  to  headway  has  been 
fully  discussed ;  only  a  brief  explanation  is  required  respecting 
resistance  to  leeway.  When  a  ship  drifts  to  leeward,  the 
keel,  deadwood,  bilge-keels,  and  approximately  plane  and  up- 
right portions  of  the  bottom  experience  resistance  resembling 
that  offered  to  a  plane  surface  moving  at  right  angles  to 
itself.  The  curved  and  approximately  cylindrical  portions 
of  the  ship  also  experience  resistance  of  a  somewhat  similar 
character,  although  the  particles  of  water  can  glide  past  them 
with  less  abrupt  changes  of  motion.  At  present  i?e  cannot 
obtain  exact  measures  for  the  lateral  resistance,  such  as  are 
available  for  head  resistance.  A  rough  approximation  may, 
however,  be  made  to  the  lateral  resistance  of  a  ship  by 
comparing  it  with  that  of  the  immersed  part  of  the  longi- 
tudinal middle-line  jilane,  or  plane  of  the  masts.  It  need 
hardly  be  stated  that  two  ships  for  which  this  plane  area 
\?as  the  same  might  experience  different  lateral  resistances, 
owing  to  different  degrees  of  "  fineness  "  of  form,  or  different 
areas  of  keel,  bilge-keels,  deadwood,  &c. ;  but  this  rough 
measure  will  suflSce  for  our  present  purpose,  and  enable  us 
to  illustrate  the  great  excess  of  lateral  over  direct  resist- 
ance. 

Assume  this  method  to  hold  in  the  case  of  the  Greyhound^ 
and  that  the  transverse  and  longitudinal  components  of  the 
wind  pressure  are  of  equal  amount.  The  immersed  area  of 
the  middle- line  plane  in  that  ship  is  about  2300  square  feet. 
Colonel  Beaufoy  proved  that  a  plane  moving  at  right  angles 
to  itself  at  a  8[)eed  of  10  feet  per  second  experienced  a 
resistance  of  112  lbs.  per  square  foot  of  area.  Let  it  be 
supposed  that  this  unit  of  resistance  applies  in  the  example 
chosen,  that  the  resistance  varies  as  the  square  of  the  speed. 
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and  that  the  speed  of  drift  is  me  knot  per  hour,  or  1*688  feet 
per  second.    Then 

Sq.ft.      Cwt.       /1'688Y  1  Tons 

Lateral  resistance  =  2300  x  1  X  (  '~TK~~ )   X   OQ  ~  ^  ^^ 

This  equals  the  resistance  to  headway  at  a  speed  of  about 
9  knots ;  so  that  under  the  assumed  conditions  the  angle  of 
leeway  would  be  about  6  degrees  only.  The  components 
of  the  wind  pressure  will  but  seldom  be  equal  to  one  another ; 
this,  however,  will  not  affect  the  general  statement  that  the 
great  proportionate  value  of  the  lateral  resistance  keeps  the 
angle  of  leeway  small.  Suppose,  for  example,  the  transverse 
component  to  be  tvnce  as  great  as  the  longitudinal :  then 
the  speed  of  headway  corresponding  to  the  speed  of  drift 
of  one  knot  per  hour  must  develop  a  direct  resistance  of 
about  1*64  ton;  and  by  experiment  this  is  found  to  be 
about  6J  knots,  making  the  angle  of  leeway  about  9  degrees. 
Various  devices  are  employed  in  order  to  increase  the 
lateral  resistance,  and  to  diminish  leeway.  In  shallow- 
draught  or  flat- bottomed  vessels,  "lee-boards"  are  often 
fitted ;  these  boards  can  be  dropped  at  the  sides  of  the 
vessels,  and  made  to  project  beyond  the  bottom.  Sliding 
keels,  or  "centre-boards,"  are  sometimes  fitted  so  as  to  be 
housed  in  recesses  formed  within  the  vessels,  or  to  be 
lowered  below  the  bottom.  Very  deep  keels  and  great  rise 
of  floor  are  also  commonly  adopted  in  yachts  designed  for 
racing,  for  the  same  purpose. 

When  a  ship  sailing  at  a  uniform  rate,  under  the  action 
of  a  wind  of  which  the  force  and  direction  are  constant, 
maintains  an  imchanged  course  without  the  use  of  the 
rudder,  it  is  clear  that  the  resultant  pressure  of  the  wind  on 
the  sails  and  the  resultant  resistance  of  the  water  cannot 
form  a  couple  tending  to  turn  the  vessel.  Under  these 
circumstances,  therefore,  these  equal  and  opposite  forces 
must  act  in  the  same  vertical  plane.  If  it  were  possible  to 
determine  tlie  line  of  action  of  the  resultant  resistance  for 

2x2 
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any  assumed  speed,  on  a  certain  course  in  relation  to  the 
direction  of  the  wind,  then  it  would  follow  that  the  sails 
should  be  so  trimmed  as  to  bring  the  line  of  action  of  the 
resultant  wind  pressure  into  the  same  vertical  plane  with  the 
resultant  resistance,  if  the  course  is  to  be  maintained  without 
the  use  of  the  rudder.     The  less  the  rudder  is  used   in 
maintaining  the  course,  the  less  will  the  speed  of  the  ship  be 
checked  thereby.    In  practice,  however,  the  theoretical  con- 
ditions cannot  be  fulfilled,  because  the  line  of  action  of  the 
resultant  resistance  cannot  be  determined,  in  the  present 
state  of  our  knowledge,  even  under  given  conditions  of  speed 
and  course ;  because  that  line  of  action  changes  its  position 
with  changes  in  the  speed,  the  angle  of  leeway,  and  the 
transverse  inclination  of  the  ship,  not  to  mention  the  changes 
consequent  on  alterations  in  the  force   and  direction   of 
the  wind ;    and   because   it  is  not  possible  to  determine 
accurately  the  line  of  action  of  the  resultant  wind  pressure 
on  the  sails,  when  set  in  any  given  position.     The  problem 
which  thus  baffles  theory  is  however  solved  more  or  less 
completely  in    practice;    the    skilful   seaman   varies    the 
spread  and  adjustment  of  his  sails  in  order  to  meet  the 
changes  in  the  line  of  action  of  the  resistance.     In  a  well- 
designed  vessel,  the  distribution  of  the  sail  is  such  that  the 
commanding  officer  has  sufficient  control  over  her  movements 
under  all  circumstances.     Some  vessels,  however,  are  not  so 
well  arranged  for  sailing  purposes,  and  in  them  "  ardency  " 
or  "  slackness  **  when  sailing  on  a  wind  may  be  practically 
incurable. 

"  Ardency  "  is  the  term  applied  when  a  vessel  tends  to 
bring  her  head  up  to  the  wind,  and  she  can  only  be  kept  on 
her  course  by  keeping  the  helm  a- weather ;  the  resultant 
resistance  must  then  act  before  the  resultant  wind  pressure. 
The  contrary  condition,  where  the  resultant  resistance  acts 
abaft  the  resultant  wind  pressure,  and  makes  the  head  of  the 
ship  fall  off  from  the  wind,  is  termed  "  slackness,"  and  can 
only  be  counteracted  by  keeping  the  helm  a-lee.  Of  the  two 
faults,  slackness  appears  the  more  serious  :  for  a  vessel  thus 
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affected  seldom  proves  weatheriy.  To  avoid  excess  in  either 
direction,  the  naval  architect  distributes  the  sails  of  a  n^w 
ship,  in  the  longitudinal  sense,  by  comparison  with  the 
arrangements  in  tried  and  successful  vessels,  conforming  to 
some  simple  rules  which  will  be  stated  hereafter. 

Passing  from  these  general  considerations  respecting 
propulsion  by  sails  to  the  practical  problems  which  the 
naval  architect  has  to  solve  in  determining  the  sail  spread 
appropriate  to  any  new  design,  it  becomes  necessary  to  note 
an  important  distinction.  In  all  his  calculations  the  naval 
architect  is  accustomed  to  deal  only  with  'plain  sail  or 
working  saily  and  not  to  include  all  the  sails  with  which  a 
ship  may  be  furnished.  Plain  sail  may  be  defined  as  that 
which  would  be  commonly  set  in  a  fresh  breeze  (Force  5  to  6), 
having  a  pressure  of  about  1  lb.  per  square  foot  of  canvas. 
The  following  tabular  statement  shows  concisely  what  sails 
would  generally  be  included  in  the  plain  sail  of  various 
classes  of  ships ;  and  although  the  sails  not  included  are  of 
value,  especially  in  light  winds,  yet  it  will  be  obvious  that 
those  named  in  the  table  are  very  much  more  important. 


style  of  Rig. 


fehip 

Barque. 
Brig     . 
Schooner 
Cutter  . 


Plain  sail. 


Jib,  fore  and  main  courses,  driver,  three  topsails,  and 

three  top-gallant  sails. 
As  ship,  except  gaff-topsail  on  mizen-mast. 
As  ship,  exclusive  of  mizen-mast. 
Jib,  fore  stay-sail,  fore-sail,  and  main-sail. 
Jib,  fora-sail,  and  main-sail. 


Notes  to  Table. 

In  brigs,  one-half  the  main  course  and  the  driver  are  sometimes  taken 
instead  of  the  whole  of  the  main  course. 

In  schooners,  the  fore  topsail  is  sometimes  included. 

In  yawls,  besides  the  sails  named  for  cutters,  the  gaff-sail  on  the  mizen 
is  included. 

It  will  be  understood  in  what  follows  that,  except  in  any 
cases  specially  mentioned,  we  are  dealing  only  with  plain 
sail,  and  not  with  total  sail  area. 
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In  arranging  the  plan  of  sAils  for  a  new  ship,  the  naval 
architect  has  to  consider  three  things:  (1)  the  deter- 
mination of  the  total  sail  spread  required  to  obtain  the 
desired  speed  under  certain  assumed  conditions;  (2)  the 
proper  distribution  of  this  sail  in  the  longitudinal  sense, 
including  the  adjustment  of  the  stations  for  the  masts; 
(3)  the  proper  distribution  of  the  sail  in  the  vertical  sense, 
in  order  that  the  vessel  may  have  sufficient  stiffness.  On 
each  of  these  points  we  now  propose  to  make  a  few  remarks, 
taking  them  in  the  order  they  have  been  named. 

First :  as  to  the  determination  of  the  toted  area  of  plain 
sail  in  a  new  design. 

Other  things  being  equal,  the  propelling  effect  of  the 
sails  of  a  ship  depends  upon  their  a^gregaie  area.  Wind 
pressure  and  the  management  of  ships  are  necessarily  vary- 
ing quantities.  Hence  for  equal  speeds  the  area  of  plain 
sail  in  two  ships  should  be  made  proportional  to  their  re- 
spective resistances  at  those  speeds.  For  speeds  such  as  are 
ordinarily  attained  imder  sail  it  appears  not  unreasonable  to 
assume  that  frictional  resistance  furnishes  by  far  the  larger 
portion  of  the  total  resistance ;  and  when  the  bottoms  of  two 
ships  are  equally  rough — having  the  same  coefficient  of 
friction — the  frictional  resistances  will  be  proportional  to 
the  immersed  or  "wetted"  surfaces  of  the  bottoms. 
Further,  if  the  two  ships  are  similar  in  form,  but  of  dif- 
ferent dimensions,  the  wetted  surfaces  will  be  proportional 
to  the  tvxhihirds  power  of  their  displacements ;  for  these 
surfaces  will  be  proportional  to  the  squares  of  any  leading 
dimension— say  the  length — while  the  displacements  will 
be  proportional  to  the  cubes  of  the  same  dimensions.  Put 
in  algebraical  language,  if  Wi  be  the  displacement  of  one 
ship.  Si  the  wetted  surface,  and  Aj  the  area  of  plain  sail ; 
while  Wa,  S2,  and  Aj  are  the  corresponding  quantities  for 
another  similarly  formed  ship :  then  for  equal  speeds  under 
sail  we  must  have, 

S,  _  A,  _  /  Wj^Y 
y,  -  A,  ~  VWj  ■ 


■^ 
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Suppose,  for  example,  that  Wi  =  8W2 ;  then 

A,      /8W0V        « 

t^KWj    =8^  =  4;or,A.  =  4A,. 

For  the  case  where  a  higher  or  lower  speed  is  desired  in 
the  new  ship  than  the  speed  of  the  typical  ship  or  ships 
used  as  examples,  a  slight  modification  of  the  preceding 
formula  is  required.  Let  it  be  assumed,  as  may  fairly  be 
done,  that  the  resistance  of  these  ships  varies  as  the  square 
of  the  speeds,  within  the  limits  of  speed  considered.  Further 
let  it  be  assumed  that  the  effective  pressure  (per  square 
foot)  of  the  wind  on  the  sails  is  the  same  for  both  ships.* 
Then,  if  Vi  and  V2  be  the  maximum  speeds,  and  the  other 
notation  remains  as  before,  we  have, 

A,  =  A>  (WO*  X  V,^ 
Aj  =  Jfc  (WO*  X  V2^ 

where  k  is  a  constant,  and  the  same  for  both  ships.     Hence 

Ai       /ViV       /WA* 


Ai  _  / ViV       / W.V 


is  an  equation  from  which  the  new  sail  spread  (A2)  may  be 
determined  approximately. 

The  first  rule  for  proportioning  sail  spread,  although 
obtained  under  the  limitations  stated  above,  is  on  the  whole 
as  satisfactory  as  any  that  has  been  proposed  for  comparing 
the  sail-power  of  ships  not  similar  in  form,  provided  the 
dissimilarity  is  not  very  great.     No  doubt  it  would  be  pre- 


*  This  latter  assumption  is  not  will  be  understood  from  the  remarks 

strictly  correct ;  since  the  difference  previously  made  (page  475) ;  but  it 

in  speed  must  produce  some  dif-  is  never    made    in    practice,    the 

ference  in  the  apparent    direction  common  plan  being  to  suppose  the 

and  velocity  of   the  wind.      The  speeds  V,  and  V,  equal,  and  to  use 

character  of  the  correction  required  the  first  formula. 
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ferable  in  cases  lying  outside  these  limits  to  determine  the 
resistances  by  model  experiments,  and  then  to  proportion 
the  sail  areas  to  these  resistances  in  order  to  secure  equal 
speeds.  But  this  has  never  yet  been  done,  £md  as  steam 
propulsion  is  gaining  so  much  upon  propulsion  by  sails,  it 
is  never  likely  to  be  done  with  a  view  to  influencing  practice. 
Hence  it  has  been  customary  of  late  years  to  adopt  the 
foregoing  rule  in  comparing  the  sail-power  of  different  ships 
belonging  to  the  Royal  Navy. 

Formerly  it  was  the  practice  to  proportion  the  area  of 
plain  sail  to  the  area  of  the  VHUer-line  section  of  ships ;  and 
this  would  agree  with  the  foregoing  rule  so  long  as  the  con- 
dition of  similarity  of  form  was  strictly  fulfilled.  But  when 
the  vessels  compared  are  somewhat  dissimilar  in  form  and 
proportions,  it  becomes  preferable  to  express  the  sail  area  as 

a  multiple  of  (displttcement)^  rather  than  as  a  multiple  of 
the  area  of  the  water-line  section.  Very  simileo:  remarks 
apply  to  another  method  once  commonly  used,  in  which  the 
area  of  plain  sail  was  proportioned  to  the  area  of  the  im- 
mened  midship  section ;  a  plan  which  was  applicable  only 
when  the  vessels  compared  were  similarly  formed.  Still 
another  method  of  stating  the  sail  spread  was  to  express  it 
as  a  multiple  of  the  displacement  (in  tons).  A  ship  of  3500 
tons  displacement  with  24,500  square  feet  of  plain  sail  would 
be  described  as  having  7  square  feet  of  canvas  per  ton  of 
displacement.  This  method,  however,  erred  in  the  assump- 
tion it  made  that  resistance  varied  with  the  total  weight  of 
a  ship — ^an  assumption  of  which  the  fallacy  has  been  exposed 
in  the  preceding  chapter. 

A  full  statement  of  the  sail  spread  considered  desirable  in 
different  classes  of  ships  would  occupy  space  far  exceeding 
the  limits  at  our  disposal.  The  treatise  on  Masting  Ships 
published  some  years  ago  by  Mr.  Fincham  contains  detailed 
information  on  the  subject  that  can  still  be  studied  with 
advantage,  embracing,  as  it  does,  not  merely  the  particulars 
of  sailing  ships  of  all  cleisses,  but  also  those  of  the  classes  of 
unarmoured  steam-ships  of  the  Royal  Navy  designed  before 
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the  ironclad  reconstruction  began.*  In  this  work  the  area 
of  plain  sail  is  expressed  as  a  multiple  of  the  area  of  the 
water-line  section,  and  the  following  figures  may  be  inter- 
esting. For  ship-rigged  vessels  the  area  of  plain  sail  is 
said  to  have  been  from  3  to  4  times  the  wat^r^line  area ;  for 
brigs  and  schooi^ers  from  3^  to  3f  times,  and  for  cutters 
from  3  to  3^  times.  These  ratios  were  for  sailing  vessels ;  in 
their  unarmoured  successors,  possessing  both  steam  and  sail 
power,  the  ratio  is  not  so  high,  and  in  a  great  many  ship- 
rigged  vessels  falls  to  2  or  3.  In  yachts  of  the  present 
day  the  ratio  varies  from  3J  to  5J,  4J  being  a  common 
value  in  vessels  having  a  great  reputation  for  speed.  In 
the  armoured  ships  of  the  Royal  Navy  the  corresponding 
ratio  is  in  some  cases  a  little  above  and  in  others  a  little 
below  2. 

Comparing  these  various  classes  by  the  ratio  which  the 
sail  spread  bears  to  the  two-thirds  power  of  the  displacement, 
the  following  results  may  be  interesting.  The  numbers 
represent,  for  some  typical  ships  of  war,  the  quotient : — 

Sail  spread  -f-  (displacement)^. 


.  60  to  80 


120 


It  will  be  remarked  that  the  proportionate  sail  power  of 
the  steam  unarmoured  frigates,  &c.  is,  on  the  whole,  less  than 
that  of  the  sailing  vessels,  and  that  the  armoured  ships 
stand  still  lower  in  the  scale.  But  it  must  be  noticed  that 
some  of  the  steam-ships  have  finer  forms  and  proportions  than 


Sailing  : — 

Steam: — 

Line-of-battle  ships 

.   100  to  120 

Ironclad  ships 
Unarmourea : 

Frigates       .     .      . 

' 

Frigates     .     .     . 

Corvettes     . 

120  to  160 

Corvettes   .     .     . 

Brigs      .... 

i 

Sloops  .     .     .     . 

*  The  principal  facts  contained 
in  this  treatise  have  been  repub- 
lished, with  some  additions,  in 
Shipbuilding,  Theoretuxd  and  Prac- 
ticaJ,  edited  by  the  late  Professor 
Rankine.  The  particulars  for  yachts 
are  taken  from  Mr.  Dixon  Kemp*s 


valuable  work  on  Ycuiht  Designing, 
and  from  information  kindly  fur- 
nished to  the  Author  by  Mr.  J.  A. 
Welch,  late  Superintendent  of 
Cruisers  (Coastguard  Department) 
Admimlty. 
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the  auUng  ehipsy  so  iiuj  ti»eir  rea<t«Dce$  id«t  be  pro- 
pottknatelT  len.  FcztL??.  h  if  impir^tazit  to  note  that 
the  grett  mne^se  il  *ii«j*U<!>rSK^i  vhicii  hss  accompanied 
the  oonstnictkvk  <:*f  irco?-lafi«  re^ieis  it  piarticAllT  im- 
poanble  to  giv^  v*  the^ie  beaTx  Tc!9iel<  a  fpread  of  sail 
oompaiaUe  in  yT^.'^Tlimz  rfTe^  to  that  <<f  the  sailing  line- 
of-battle  »hip«.  even  if  <4her  airi  i3k*j>^  important  qualities 
were  Bacrificei.  Takr,  f*.«r  example,  the  S*I>-2run  sailing  line- 
of-battle  fhip  FaMnuirf,  with  a  «ii5placem€iit  of  37^  tons 
and  fail  spre^  «.»f  ^.1*»  s^ijiiape  feet.   Hei^  the  quotient  sail 

spread  -f-  idi-^ftlacementi-  i«  &>t  mx2<?h  belov  120:  in  the 
be»t  of  the  oi'mplete*!  iiv*n  -la'is  bxiilt  for  distant  services — 
the  ImritunUe  clas? — the  c*>rr?:?p.-n'iin£r  qiK*tient  is  about  75, 
and  in  mo^  of  the  ht^rier  ini^iola'is  it  is  still  leas.  If  the 
BeremlsM,  of  over  >^S.  0  tons  «li-placemeni,  were  furnished  with 
a  sail-power  pr«^{jortione«l  to  th;it  of  the  S'l'-gun  ship,  her  total 
area  of  plain  sail  would  have  to  he  ma^ie  nearly  oO.CKK)  square 
faety  the  actual  area  being  less  than  iS^XKK^  square  feet. 
After  careful  investigation, Mr.  Bamaby  leported  as  follows: — 
^  It  Lb  impossible  to  obtain  «o  much  sail  by  any  multiplica- 
^  tion  of  the  number  of  masts  without  making  them  much 
•*  loftier,  imless  they  were  placed  so  close  t<^ther  as  to  allow 
**  the  yards,  when  braced  round,  to  overlap  each  other  con- 
^  siderably.  In  this  latter  case  the  canvas  could  scarcely  be 
**  considered  9S  efficient  as  in  the  old  ships,  and  this  would 
•*  inrolve  a  further  increase  upon  the  area  given  above."  * 
Without  attempting  any  discussion  of  the  actual  sailing 
qualities  of  the  ironclad  fleet,  we  may  therefore  conclude 
thai  the  great  size  of  nearly  aU  the  rigged  ships  renders 
it  unreasonable  to  expect  that  they  could  be  made  as 
efficient  under  sail  as  were  the  vessels  which  depended  on 
sail  alone  for  propulsion.  Nor  does  the  [progress  of  the 
ironclad  reconstruction  at  home  and  abroad  tend  in  this 
direction ;  on  the  contrary,  lighter  rigs  and  less  sail-power 


^  8ee  page  d42  of  the  appendix  to  the  re]x>rt  of  the  Committee  on 
for  Ships  of  War. 
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have  been  given  to  the  most  recent  masted  types,  and  not  a 
few  mastless  vessels  have  been  constracted. 

English  yachts  of  the  present  day  built  for  racing 
have  ratios  of  sail  spread  to  the  two-thirds  power  of  the 
displacement  varying  from  180  to  200 ;  yachts  not  designed 
for  racing  have  ratios  varying  from  130  to  180.  In  the 
famous  American  yacht  Sappho  the  ratio  reaches  275,  but 
her  form  differs  considerably  from  that  of  EInglish  yachts, 
and  the  mode  of  comparison  is  inapplicable.  If  the  ratio  of 
the  sail  spread  to  the  wetted  surfaces  be  taken,  and  this 
is  the  fairest  method,  then  Mr.  Kemp  states  that  for  the 
Sappho  the  ratio  is  about  2*7  to  1,  and  for  several  English 
racing  yachts  of  large  size  nearly  the  same,  falling  in  some 
examples  as  low  as  2  to  1.  It  will  be  remembered  that  these 
numbers  apply  only  to  plain  sail,  and  do  not  represent  the 
canvas  that  can  be  spread  in  light  winds. 

Secondly  :  it  is  important  to  secure  a  proper  longitudinal 
distribution  of  the  sails,  in  order  that  neither  excessive 
ardency  nor  excessive  slackness  may  result,  and  that 
sufficient  handiness  or  manoeuvring  power  under  sail  may 
be  secured.  It  has  already  been  shown  that  the  difficulties 
attending  any  attempt  at  a  general  solution  of  this  problem 
are  insuperable ;  and  we  are  now  concerned  only  with  the 
methods  adopted  in  practice. 

The  line  of  action  of  the  resultant  wind  pressure  changes 
its  position  greatly  under  different  conditions:  the  naval 
architect  therefore  starts  with  certain  assumed  conditions 
which  are  seldom  or  never  realised  in  service,  in  order  to 
determine  the  "  centre  of  effort "  of  the  wind  on  the  sails. 
All  the  plain  sails  are  supposed  to  be  braced  round  into  the 
fore-and-aft  position,  or  plane  of  the  masts,  and  to  be 
perfectly  flat-surfaced.  The  wind  is  then  assumed  to  blow 
perpendicularly  to  the  sails,  or  broadside-on  to  the  ship,  and 
its  resultant  pressure  will  obviously  act  perpendicularly  to 
the  sails,  through  the  common  centre  of  gravity  of  their  areas. 
This  common  centre  of  gravity  is  determined  by  its  vertical 
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and  longitudinal  distance  from  some  lines  of  reference,  those 
nsually  chosen  heing  the  load  wster-Une,  and  a  line  drawn  per^ 
pendicnlar  to  it  through  the  middle  point  of  the  length  of  the 
load-line,  measored  &om  the  front  of  the  stem  to  the  bock  of 
the  stempost.  Fig.  126  shows  a  full-rigged  vessel  with  her 
sails  placed  as^escribed  ;  the  centreof  gravity  of  the  area  of 
plain  sail  or  "  centre  of  effort  "  being  marked  C.  A  specimen 
calcnlation,  illostrating  the  simple  process  by  which  the 
point  C  is  determined,  is  appended. 


Calcdl*tion  for  tbb 
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When  the  centre  of  effort  of  the  sail  area  has  been 
determined  relatively  to  the  middle  of  the  load-line,  it  is 
usual  also  to  detennine  the  longitudinal  position  of  another 
point,  commonly  styled  the  "  centre  of  lateral  resistance." 
This  is  marked  L  in  Fig.  126,  and  is  simply  the  centre  of 
gravity  of  the  immersed  portion  of  the  plane  of  the  masts — 
the  same  plane  area  which  was  referred  to  in  an  earlier  part 
of  the  chapter  as  considerably  influencing  the  leeway  of  a 
ship  sailing  on  a  wind.  It  will,  of  course,  be  understood 
that  the  point  L  is  no  mure  su]iposed  to  determine  the  actual 
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line  of  actioD  of  the  resultant  reaistaoce  than  the  point  C 
is  Buppoaed  to  determine  the  line  of  action  of  the  resultant 
wind  pressure.  But,  ou  the  other  hand,  experience  proves 
that  the  longitudinal  distance  between  the  centre  of  effort  0 
and  the  centre  of  lateral  resistance  L  should  lie  within  the 
limits  of  certain  fractional  parts  of  the  length  of  the  load- 
line. 

From  the  drawings  of  a  ship  the  position  of  the  centre  of 
lateral  resistance  may  be  determined  by  a  very  simple 
calculation ;  and  the  particulars  required  for  an  approximate 
calculation  are  easily  obtainable  from  a  shi])  herself,  being 


the  length  at  the  load-line,  draught  of  water  forward  and 
aft,  area  of  rudder,  and  area  of  aperture  in  stem  for  screw, 
if  the  vessel  be  so  constructed. 

The  distance  of  the  centre  of  effort  before  the  centre  of 
lateral  resistance  varies  according  to  the  style  of  rig ;  and 
in  determining  it,  regard  must  be  had  also  to  the  iinder-water 
form  of  a  ship,  A  full-bowed  ship,  for  example,  should  have 
a  greater  proportionate  distance  between  the  two  centres 
than  a  ship  of  the  same  extreme  dimensions  and  draught,  but 
with  a  finer  entrance.  In  ships  trimming  considerably  by 
the  stem,  and  with  a  clean  run,  the  distance  between  the 
centres  should  be  made  proportionately  less.  In  ship-rigged 
vessels  and  barques  it  appears  that  the  centre  of  effort  in 
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from  one-fourteenth  to  one-thirtieth  of  the  length  before 
the  centre  of  lateral  resistance ;  one-twentieth  being  a 
common  value.  The  greater  distance  (one-fourteenth)  oc- 
curred in  the  old  sailing  ships  of  the  Koyal  Navy,  with  fall 
bows  and  clean  runs ;  this  has  been  almost  equalled  in  some 
of  the  later  masted  ironclads,  where  the  centre  of  eflTort  has 
been  placed  one-sixteenth  of  the  length  before  the  centre  of 
lateral  resistance.  The  smaller  distance  occurs  in  screw 
frigates  of  high  speed  and  fine  form,  such  as  the  Inconstant ; 
in  the  unarmoured  screw  frigates  whirh  preceded  them,  the 
distance  was  from  one-twentieth  to  one-twenty-fourth  of  the 
length.  In  brigs,  one-twentieth  of  the  length  is  a  fair  avenge 
for  the  distance  between  the  two  centres.  In  schooners  and 
cutters,  the  two  centres  are  always  very  close  together,  their 
relative  positions  changing  in  different  examples,  and  the 
centre  of  lateral  resistance  sometimes  lying  before  the 
centre  of  effort.  It  is  to  be  noted,  however,  that  in  a  vessel 
with  square  sails  the  longitudinal  position  of  the  centre  of 
effort  will  vary  but  very  slightly,  however  wide  may  be 
the  differences  between  the  angles  to  which  the  yards  are 
braced.  On  the  contrary,  in  a  schooner  or  cutter  the  centre 
of  gravity  of  the  plain  sail  must  move  forward  with  any 
angle  of  departure  from  the  hypothetical  position  in  the 
plane  of  the  masts. 

Having  decided  upon  the  proper  distance  between  the 
centre  of  effort  and  centre  of  lateral  resistance  for  a  new 
design,  it  is  next  necessary  to  station  the  masts  and  distribute 
the  sail  in  such  a  manner  that  the  required  position  of  the 
centre  of  effort  may  be  secured,  in  association  with  sufficient 
manoeuvring  power  and  a  proper  balance  of  sail.  In  the 
following  table  the  results  of  experience  with  various  classes 
of  ships  are  summarised,  all  the  vessels  being  supposed 
capable  of  proceeding  under  sail  alone. 

The  length  of  a  ship  at  the  load-line,  from  the  front  of 
the  stem  to  the  back  of  the  stempost,  being  called  100,  the 
other  lengths  and  distances  named  will  be  represented  by 
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the  following  numbers.*     The  last  two  columns  in  the  table 
will  be  referred  to  further  on. 


i 
1 

Distance  from  Front  of  Stem. 
Classes  of  Ship^.; 

Base  of  Sail. 

Height  of 

Centre  of  Effort 

above  Water 

=  Breadth  X 

Foremast.       Mainmast.      MIxen-mast 

Kue      :}     ^"'"^O 
Brig     .     .        17  to  19 
Schooner   .        16  to  22 
Cutter .      . 

53  to  58 

64  to  65 
55  to  61 
36  to  42 

80  to  90 

•  • 

•  • 

•  • 

125  to  160 

160  to  165 
160  to  170 
170  to  190 

lito  2 

IJtolf 
IJtolJ 
l^to  1{ 

This  table  is  intentionally  confined  to  the  common  cases, 
where  the  number  of  masts  does  not  exceed  three.  Large 
iron  sailing  vessels  of  considerable  length  and  size,  and 
requiring  large  spreads  of  canvas,  not  uncommonly  have  four 
masts;  the  height  of  the  centre  of  effort  being  thus  kept 
lower  than  it  could  be  with  an  equal  sail  spread  on  three 
masts,  and  the  length  of  the  vessels  enabling  the  sails  on 
each  of  the  four  masts  to  "draw"  effectively.  In  her 
Majesty's  ship  Achilles,  as  before  stated,  the  experiment  of 
fitting  four  masts  was  tried,  but  did  not  succeed.  In  the 
Minotaur  class,  five  ma,sts  are  fitted.  The  OrecU  Eastern  has 
six  masts,  but  in  her,  as  in  most  of  the  largest  ocean-going 
steamers,  the  sail-power  is  of  very  subordinate  importance, 
being  auxiliary  to  the  steam-power,  and  used  only  when  the 
wind  is  fair  or  in  case  of  accident. 

The  "  rake"  given  to  the  masts  in  different  classes  of  ships 
requires  a  few  words  of  explanation.  In  nearly  all  cases  it  is 
an  inclination  aft  from  the  vertical  line  drawn  through  the 
heel  of  the  mast ;  but  in  vessels  with  "  lateen"  rig  the  fore* 
mast  commonly  rakes  forward  considerably.  The  following 
are  common  values  for  the  rake  aft.     In  cutters,  from  -^  to 


•  This  table  is  compiled  chieQy 
from  the  Treatise  an  Masting  by 
Mr.  Fincham,  and  from  Shipbuild- 
ing, Theoretical  and  Practical,  It 
alHO  represents  the  arrangements 
for  some  recent  types  in  the  Royal 


Navy.  For  other  kinds  of  rig  not 
named  above,  see  the  treatise  on 
Masting ;  for  very  detailed  informa- 
tion as  to  the  rig  of  French  ships 
of  all  classes,  see  Construction  des 
Bdtiments  de  Mer,  bv  M.  Viel. 
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J  of  the  length  ;  in  schooners,  for  foremast,  from  -j^  to  j,  and 
for  mainmast,  from  \to\\  in  brigs,  for  forema'^t,  from  0  to 
^,  for  mainmast,  from  t^  to  -j^  ;  in  ships,  for  foremast,  from 
0  to  ^,  for  main  and  mizen  masts,  from  0  to  -^^  It  is 
customary  to  have  the  greatest  rake  in  the  aftermost  mast, 
and  the  least  in  the  foremast.  Graceful  appearance,  greater 
case  and  efficiency  in  supporting  the  masts  by  shrouds  and 
rigging,  and  the  possibility  of  bracing  the  yards  sharper 
when  the  masts  are  raked  aft  and  the  rigging  led  in  the 
usual  way,  are  probably  the  chief  reasons  for  the  common 
practice.  The  "  steeve  "  given  to  the  bowsprit  is  also  in  great 
measure  a  matter  of  appearance ;  and  in  many  ships  intended 
to  act  as  rams,  in  which  the  bowsprits  are  fitted  to  run-in 
when  required,  the  steeve  is  very  small.  Greater  security 
for  the  inboard  part  of  the  bowsprit,  and  greater  height 
above  water  for  the  outboard  part,  have  also  been  given  as 
reasons  for  steeving  it,  but  these  are  only  of  secondary  im- 
portance in  very  many  cases. 

It  will  be  observed  that  the  table  also  gives  a  length  for 
the  "  base  of  sail,"  in  terms  of  the  length  of  the  ship,  and 
this  exercises  an  important  influence  on  manoeuvring  power 
of  a  vessel.  In  Fig.  126  it  would  be  measured  from  the 
foremost  corner  (or  "  tack  ")  of  the  jib  to  the  aftermost  comer 
(or  "clew")  of  the  driver;  in  other  classes  it  would  be 
measured  between  extreme  points  corresponding  to  those 
named.  The  base  of  sail  was  usually  proportionidly  greater 
in  vessels  wholly  dependent  on  sail-power  than  it  is  in 
vessels  with  steam-  and  sail-power,  the  foremast  being  placed 
further  forward  and  the  mizen-mast  further  aft  than  is  now 
common.  Special  circumstances  may,  however,  limit  the 
length  of  the  base  of  sail ;  and  one  of  the  most  notable  cases 
in  point  is  to  be  found  in  her  Majesty's  ship  Temerairey  a 
hrig-rigged  vessel  of  over  8400  tons  displacement,  where  the 
departure  from  ship  rig  has  been  made  in  order  to  facilitate 
the  arrangements  for  the  heavy  chase  guns  at  the  bow  and 
stem. 

Experience  has  also  led  to  the  formation  of  certain  rules 
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for  determining  the  proportionate  areas  of  the  sails  carried 
by  the  different  masts,  with  various  styles  of  rig.  According 
to  Mr.  Fincham  and  other  authorities,  in  ship-rigged  sailing 
vessels,  if  the  area  of  the  plain  sail  on  the  main  mast  was 
called  100,  that  on  the  foremast  varied  from  70  to  77,  and 
on  the  mizen-mast  from  46  to  54.  It  is  now  usual  in  the 
ships  of  the  Royal  Navy  to  make  the  corresponding  sails 
on  the  fore  and  main  masts  alike,  except  the  courses ;  £Lnd 
calling  the  sail  area  on  the  main  mast  100,  that  on  the 
foremast  would  commonly  be  from  90  to  95,  that  on  the 
mizen  45  to  55,  and  the  jib  from  15  to  20,  the  latter  agree- 
ing fairly  with  the  practice  in  sailing  vessels.  In  barque- 
rigged  vessels  the  sail  area  on  the  mizen  is  often  about  one- 
third  only  of  that  on  the  main ;  the  sail  area  on  the  fore- 
mast having  about  the  same  proportion  as  in  ships.  In 
brigs  the  Fail  on  the  foremast  varies  from  70  to  90  per  cent, 
of  that  on  the  mizen ;  in  schooners  it  is  often  about  95  per 
cent. 

Another  featiifre  somewhat  affecting  the  handiness.of  a 
ship  under  nail,  particularly  in  the  earlier  movements  of  any 
manoeuvre,  is  the  distance  of  the  centre  of  gravity  of  the 
ship  from  the  centre  of  effort.  This  consideration  was 
formerly  treated  as  of  great  importance,  but  it  now  has 
little  iDfiuence  in  the  actual  arrangement  of  sail  plans.  The 
longitudinal  position  of  the  centre  of  gravity  for  the  load- 
draught  is  usually  fixed  by  other  and  more  important  con- 
ditions ;  and  its  position  changes  considerably  as  the  amount 
and  stowage  of  weights  on  board  are  varied.  It  will  suffice 
to  say,  therefore,  that,  when  the  ship  is  turning,  her  motion 
of  roiaii(m  may  be  regarded  as  taking  place  about  a  vertical 
axis  pas^^ing  through  the  centre  of  gravity;  so  that  the 
turning  effect  of  £my  forces  will  vary  with  the  distance  from 
the  centre  of  gravity  of  their  line  of  action.*  Suppose  a 
ship  to  have  all  plain  sail  set,  and  balanced  so  that  her 


See,  further,  Chapter  XIV. 
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course  can  be  kept  without  using  the  rudder,  the  line  of 
action  of  the  resistance  will  then  lie  in  the  same  yertical 
plane  with  the  resultant  wind  pressuxe,  which  may  be  sup- 
posed to  pass  through  the  centre  of  effort.  The  resistance 
tends  to  throw  the  head  of  the  ship  up  into  the  wind  in 
tacking  and  to  assist  the  helm,  but  it  tends  to  resist  the 
helm  in  wearing.  The  further  forward  of  the  centre  of 
gravity  the  centre  of  effort  is  placed,  the  greater  will  be  the 
initial  turning  effect  of  the  resistance  when  a  mAnoBUvie 
begins.  But  as  soon  as  changes  are  made  in  the  sails  which 
''draw*'  in  order  to  assist  the  manoeuyre,  and  as  soon  as 
the  action  of  the  rudder  is  felt,  the  speed  and  course  of  the 
ship  alter,  and  the  initial  conditions  no  longer  hold,  the 
line  of  action  of  the  resistance  changing  its  position  from 
instant  to  instant. 

Lastly :  in  arranging  the  sails  of  a  ship,  it  is  necessary  to 
consider  their  vertical  distribution,  which  governs  the  height 
of  the  centre  of  effort,  and  the  **  moment  of  sail "  tending  to 
produce  transverse  inclination. 

The  specimen  calculation  on  page  492  shows  the  ordinary 
method  of  estimating  the  vertical  position  of  the  centre  of 
effort  when  the  plain  sail  is  braced  fore-and-aft;  and  no 
explanation  will  be  needed  of  this  simple  calculation.  In 
previous  chapters,  explanations  have  been  given  of  the  action 
of  the  wind  on  the  sails,  and  of  the  resulting  strains  on  the 
rigging  and  topsides.*  It  will  suffice,  therefore,  to  state 
that,  if  the  line  of  action  of  the  wind  is  assumed  to  be  hori* 
jKmtal,  the  steady  speed  of  drift  to  leeward  will  supply  a 
lenstanoe  equal  and  opposite  to  the  wind  pressure,  and 
haying  a  line  of  action  approximately  at  mid-draught.  This 
couple  will  incline  the  ship  transversely  until  an  angle  of 
heel  is  reached  for  which  the  moment  of  stability  equals 
the  moment  of  the  inclining  couple.  Let  A = area  of  plain 
il,  in  square  feet ;  A = the  height  (in  feet)  of  the  centre  of 


^ 


♦  See  i»ages  62,  136,  and  290. 
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eflfort  above  the  mid-draught,  when  the  ship  is  upright; 
w  =  the  metacentric  height  (GM)  in  feet  of  the  ship;  D=r 
the  displacement  (in  pounds) ;  p  =  the  pressure,  in  pounds 
per  square  foot,  which  the  assigned  velocity  of  the  wind 
would  produce  upon  a  plane  placed  at  right  angles  to  it ; 
and  a  =  the  angle  of  steady  heel.  Then,  within  the  limits 
of  the  angles  of  steady  heel  reached  in  practice,  the  follow- 
ing equations  may  be  considered  to  hold  : — 

Moment  of  sail,  to  heel  ship  =  A  x  A  x  |?  cos'  a  ; 
Moment  of  statical  stability  =  D  x  ^  X  sin  a ; 

whence  is  obtained  the  following  equation  for  the  angle  a, 

Dm    . 
^  +  ATpA  sin  a  -  1  =  0. 

Since  a  is  usually  an  angle  of  less  than  6  or  8  degrees,  this 
equation  may,  without  any  serious  error,  be  written, 

D  .  m     .  .  A «?  h 

I 7  sm  a  =  1 ;  or  sui  a  s  Tnj . 

A .  j> .  A  *         ^  D .  m' 

KSuppose,  for  example,  that|>=:  1,  and  that,  in  the  case  of  Fig. 
126,  D  =  6,800,000;  w=3  feet;  A  =  15,600;  and  the  mean 
draught  20  feet.    Then  A = 62 +10 = 72  feet ; 

15,600  X  72       468        1 
®^^  ^  "  6,800,000  X  3  "8500  ""  18  (°®*^^y)' 

a  =  3^  degrees  (nearly). 

It  has  already  been  remarked  that,  for  the  force  of  wind  when 
all  plain  sail  would  be  set,  the  normal  pressure*  per  square 
foot  would  be  about  1  lb. ;  and  it  is  very  common,  in  com- 
paring the  stifi&iess  of  ships,  to  assume  that  the  pressure  p 
has  the  value  unity.  • 

Looking  back  to  the  formula  for  the  angle  of  steady  heel, 
it  will  be  seen  that,  if  the  ratio  of  D  .  m  to  A  .  A  be  the  same 
for  any  two  vessels,  an  equal  force  of  wind  p  per  square  foot 
of  area  of  sail  will  produce  equal  angles  of  heel  in  both  ships. 

2  K  2 
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Hence  it  has  become  the  practice  in  the  Royal  Navy  to  use 
this  ratio  as  a  measure  of  the  ''  power  of  a  ship  to  carry  saiL" 
The  smaller  the  ratio,  the  less  is  the  stifi&iess  of  the  ship 
under  canvas ;  the  greater  the  ratio,  the  stiffer  is  the  ship. 
Very  considerable  variations  occur  in  this  ratio  in  different 
classes.  In  the  Inconstant,  a  vessel  designed  for  high  speed 
under  steam  as  well  as  for  sailing,  the  number  expressing 
the  power  to  carry  sail  is  as  low  as  15 ;  in  the  converted 
ironclads  of  the  Prince  Consort  class,  with  metacentric  heights 
twice  as  great  as  that  of  the  Inconstant,  and  with  a  much 
smaller  proportionate  spread  of  canvas,  the  corresponding 
number  is  51.  In  some  of  the  earlier  ironclads,  such  as  the 
Warrior  and  Minotaur  classes,  the  sail-carrying  power  is 
represented  by  30  to  35 ;  in  the  recent  ironclads  it  has  been 
represented  by  17  to  25.  In  the  various  classes  of  un- 
armoured  ships  very  different  values  occur :  from  20  to  25 
probably  represents  the  sail-carrying  power  of  the  screw 
frigates  of  the  older  type,  from  15  to  20  that  of  the  corvettes, 
and  from  10  to  15  that  of  the  smaller  classes.  Exact  infer- 
mation  is  wanting  as  to  the  metacentric  heights  of  the  older 
classes  of  sailing  ships  of  the  Boyal  Navy,  so  that  no  exact 
estimates  can  be  made  of  their  sail-carrying  powers.  It 
appears  probable  that  in  the  smaller  classes  the  numbers 
varied  between  12  and  20  ;  for  the  frigates,  from  20  to  25  ; 
for  the  line-of-battle  ships,  from  20  to  30. 

The  diminution  of  the  metacentric  heights  in  some  recent 
types,  in  order  to  secure  longer  periods  of  oscillation,  which 
favour  greater  steadiness,  has  led  to  a  decre^wed  stiffness  as 
compared  with  preceding  types;  this  latter  feature  being 
indicated  by  the  smaller  numbers  of  the  sail-carrying  power. 
In  other  words,  greater  angles  of  steady  heel  under  canyas 
are  now  common  than  were  formerly  customary.  It  was 
important  when  ships  had  to  fight  under  sail  that  the  angle 
of  heel  should  not  be  excessive,  and  5  or  6  degrees  was  the 
limit  named  by  writers  on  the  subject ;  in  steam-ships  there 
is  no  equally  powerful  reason  for  securing  equal  stiffness^ 
steadiness    being    the  chief  desideratum,  and   angles    of 
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heel    under    plain   sail  of    8    or   10    degrees    sometimes 


occur.* 


It  is  estimated  by  Mr.  Dixon  Kemp  that  some  of  the 
most  successful  English  yachts  would  be  steadily  heeled  to 
angles  of  7  to  14  degrees,  imder  plain  sail,  by  a  wind 
pressure  of  1  lb.  per  square  foot ;  this  would  indicate  that 
their  "  power  to  carry  sail  "  varied  from  4  to  8.  Further  it 
is  stated  that  in  match-sailing  steady  angles  of  heel  of 
20  or  30  degrees  are  not  uncommon;  but  tliere  is  little  or 
no  risk  of  such  vessels  being  capsized,  as  their  ballast  brings 
the  centre  of  gravity  very  low  in  the  vessel,  and  gives  them 
an  extraordinary  range  of  stability.! 

The  practice  in  the  days  of  sailing  ships  was  to  proportion 
the  heights  of  the  masts  and  the  depths  of  the  sails  to  the 
breadth  extreme  of  the  ships ;  and  hence  it  was  usual  to 
express  the  height  of  the  centre  of  effort  above  the  load-line 
in  terms  of  the  breadth.  The  right-hand  column  in  the 
table  on  page  495  contains  the  average  multipliers  by  which 
the  breadth  extreme  in  various  classes  of  ships  should 
be  affected,  in  order  that  the  height  of  the  centre  of  effort 
above  the  load-line  may  be  approximately  found.  ISuch 
an  approximation  is  not,  of  course,  intended  to  take  the 
place  of  an  exact  calculation  for  the  position  of  the  centre 
of  effort;  but  it  may  be  of  some  service.  It  will  be 
noticed  that  to  the  height  so  found  must  be  added  the 
half-draught,  in  order  that  the  moment  of  the  sail  may  be 
calculated. 

Generally,  if  there  be  no  similar  vessel  to  compare  with 
the  new  design,  the  problem  of  the  vertical  distribution  of 


*  See  page  225  of  Mr.  Cbilders'  the  Monarch  7  degrees,  the  Bellero- 

miDUte  on  the  loss  of  the  Captain,  phon  and  Captain  9  degrees,  and 

The  day  hefore  the  disaster,  during  the  Inconstant  11  degrees. 

a  trial  of  sailing,  when   the  stiff  f  See  the  curves    published  in 

ships    iM'd    Warden^    Minotaur ^  Yacht  Designing;  showing  ranges 

Agincourtf    Northumberland,    and  of  stability    approaching  180  de- 

Warrior  were  heeling  from  3  to  5  de-  grecs. 
grecs,  the  Hercules  heeled  6  degrees, 
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the  sail  takesi  the  fonn  of  a  detennisation  of  the  height  % 
of  the  centre  of  effort  above  the  centre  of  lateral  resistance. 
In  that  case  the  whole  of  the  quantities  in  the  formula  given 
above,  except  the  height  A,  may  be  supposed  known,  the 
maximum  angle  of  steady  heel  a  being  assigned  for  a 
pressure  of  1  lb.  per  square  foot  of  canvas.    Hence 

,       Dm 
h  =  —7—  .  sm  a, 
A 

very  nearly,  when  a  does  not  exceed  the  usual  limits. 

There  are  also  practical  rules  by  which  the  ratios  of  the 
areas  of  the  different  sails,  the  lengths  of  the  masts  and  yards, 
and  other  features  of  a  plan  of  sails  are  governed ;  but  for 
these  we  are  unable  to  iind  space,  and  they  can  be  consulted 
by  those  readers  desiring  information,  in  the  standard  works 
mentioned  above. 

In  conclunion,  brief  reference  must  be  made  to  the  changes 
introduced  of  late  years  into  the  proportions  of  length  to 
breadth  in  sailing  ships.  It  was  formerly  assumed  that  the 
length  of  a  successful  sailing  ship  should  not  exceed  four 
times  the  beam ;  in  many  vessels  having  a  high  reputation 
for  performance  and  speed,  the  length  was  not  much  more 
than  three  times  the  beam.  The  great  increase  in  the 
proportionate  lengths  of  steam-ships  and  the  consequent  im- 
provement in  their  performance  appears  to  have  affected  the 
construction  of  sailing  ships  ;  the  clipjiers  of  the  mercantile 
marine  frequently  have  lengths  from  five  to  six  times  the 
beam.  There  can,  ol'  course,  now  be  no  question  as  to  the 
diminution  of  the  resistance  by  the  mcrease  in  the  ratio 
of  length  to  breadth,  and  greatir  fineness  of  form.  In 
these  clipj>ers  the  requisite  stiffness  appears  to  have  been 
secured  with  the  use  of  very  little  ballast,  by  associating 
appropriate  fineness  of  the  under-water  form  with  the  greater 
length. 

The  jHissages  made  by  some  of  these  clipper  shi|s  are 
notable  even  in  the  days  when  steam  navigation  is  being 
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successfully  introduced  for  the  longest  voyages.*  On  the 
China  trade,  until  the  Suez  Canal  was  opened,  the  clippers 
competed  successfully  with  steamers,  occupying  from  90 
to  100  days  as  against  75  to  80  days  for  the  steamers.  On 
the  Australian  service  also  the  clippers  have  done  equally 
well.  The  Thermopylmy  for  example,  made  the  passage  from 
London  to  Melbourne  in  60  days :  a  time  only  one-third 
longer  than  that  taken  by  the  best  steamers  now  employed 
on  that  service. 

We  have  been  favoured  by  the  designer  of  this  remark- 
ably successful  vessel,  Mr.  Waymouth,  Secretary  to  Lloyd's 
Register,  with  the  following  particulars  of  her  design; 
which  will  enable  a  comparison  to  be  made  between  the 
modem  sailing  ship  and  one  of  the  most  successful  sailing 
frigates  of  the  Royal  Navy,  her  Majesty's  ship  Pique. 


Particalan. 


Length 

Breadth 

Displacement 

Area  of  plain  sail 

Area  of    plain  sail  -7-  (displace!  ; 

ment)* '  I 


ThemopyUB,  Pique. 


210  feet 
36    „ 
1,970  tons 
17,520  sq.  ft. 


162  feet 

1,912  tona 
19,086  sq.  ft. 

124 


The  sail  spread  of  the  ThermopylaB  is,  therefore,  less  pro- 
portionally than  that  of  the  Pique ;  but  her  greater  length 
and  fineness  of  form  probably  cause  a  considerable  diminution 
in  resistance,  and  give  to  the  Thermopylm  greater  speed  in 
making  passages  than  the  sailing  frigate  possessed. 

Another  clipper,  also  designed  by  Mr.  Waymouth,  has 
made  no  less  renu^rkable  passages,  viz.  the  Melbourne,  owned 
by  Messrs.  Green,  and  employed  on  the  Australian  service. 
Last  year  (1876)  this  vessel  made  the  passage  from  England 
to  Melbourne  in  74  days ;  experiencing  far  from  favourable 
conditions  during  part  of  the  voyage.    Prom  the  Cape,  how- 


*  For  a  mass  of  interesting  information  on  tho  subject,  sec  the  article 
on  "Clipper  Ships"  in  NdvcU Science  for  1873. 
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ever,  fine  fair  winds  were  obtained,  and  for  seventeen  ccm- 
secutive  days  300  miles  a  day  were  averaged.  The  three 
longest  runs  in  this  time  were  374,  365,  and  352  miles  per 
day.  This  vessel  is  about  3500  tons  displacement,  and  her 
area  of  plain  sail  is  rather  less  than  21,000  square  feet ;  the 
ratio  sail  spread  to  the  two-thirds  power  of  the  displacement 
being  about  90  to  1,  or  about  the  same  as  in  the  wooden 
screw  frigates  of  the  Boyal  Navy. 

Another  example  of  high  speed  under  sail  being  obtained 
in  vessels  which  have  good  proportions  of  length  to  beam 
and  fine  form  is  found  in  the  Ineonsiani,  of  the  Boyal 
Navy,  which  has  made  runs  at  speeds  of  from  13J  to  14^ 
knots  per  hour  under  sail  alone. 

The  smaller  proportions  of  length  to  breadth  adopted  in 
the  old  sailing  ships  of  war  were  probably  chosen  because 
these  vessels  were  required  to  be  pre-eminently  handy 
under  sail,  in  order  to  be  efficient  in  action.  In  this  respect 
the  modem  merchantman  could  scarcely  compare  with  the 
earlier  class ;  the  performance  of  .their  voyages  does  not  ne- 
cessitate the  possession  of  similar  quickness  in  manoeuvring. 
Moreover,  the  sailing  ships  of  war  had  to  be  loftier  than  the 
merchantman,  to  carry  considerable  weights  of  armament,  &c. 
on  the  decks  instead  of  cargo  in  the  hold,  and  yet  to  be 
stiff  under  canvas,  so  that  no  great  heel  should  be  produced 
when  going  into  action.  In  shoil,  as  with  steam-ships  of 
the  present  day,  so  with  the  sailing  ships  of  the  past :  vessels 
of  war  had  to  be  designed  to  fulfil  conditions  which  per- 
mitted far  less  latitude  in  the  choice  of  forms  and  proportions 
than  is  possible  in  the  designs  of  merchant  ships.  The 
large  number  of  sailing  ships  still  employed  in  the  mercan- 
tile marines  of  this  and  other  countries  makes  it  desirable, 
however,  to  notice  any  change  which  promotes  their 
efficiency ;  and  undoubtedly  one  such  change  is  to  be  found 
in  the  increased  lengths  and  fineness  of  form  adopted  in 
recent  ships. 

It  is  interesting  to  note  that,  in  yachts  designed  for 
racing,  the  proportions  of  length  to  beam  are  commonly* 
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between  4  to  1  and  5  to  1,  the  upper  limit  being  reached  in 
comparatively  few  cases.  The  general  selection  of  these 
proportions  is  good  evidence  that  they  are  well  adapted  for 
the  class ;  in  which  handiness  and  weatherliness  are  no  less 
important  than  speed  with  the  wind  abaft  the  beam.  There 
are,  however,  several  cases  on  record  in  which  these  vessels 
have  attained  speeds  of  13  or  14  knots  per  hour ;  and  the 
American  yacht  Sappho  is  said  to  have  made  16  knots  per 
hour,  for  several  consecutive  hours,  during  her  passage 
across  the  Atlantic. 
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CHAPTER  XIIL 

HTEAM     PROPULSION. 

Forty  years  ago  the  employment  of  steam-ships  in  ocean 
navigation  was  a  matter  of  warm  debate.  Steamers  had 
been  successfully  employed  on  riyers,  lakes,  and  inland 
waters,  as  well  as  on  coastwise  services  and  short  sea  pas- 
sages. But  it  was  urged  that  long  voyages  most  stiU  be 
performe<l  by  sailing  ships,  either  because  steamers  coiild  not 
carry  coal  sufficient  to  propel  themselves  over  long  distances 
or  because  the  expenditure  on  the  propelling  power  would 
1)0  so  great  as  to  render  remunerative  service  impossible. 
The  Transatlantic;  service,  with  its  voyage  of  3000  miles, 
was  more  cs|)ecially  kept  in  view  in  these  discussions; 
and  when  the  Oreat  Western  and  Sirius  made  successful 
[)assages  from  England  to  New  York  in  1838,  the  arguments 
against  the  capabilities  of  steam-ships  for  sea-going  services, 
in  crompetition  with  sailing  ships,  were  practically  destroyed. 
From  that  time  onwards  steam  navigation  has  been  con- 
tinuously and  rapidly  developed.  The  sizes  and  speeds  of 
individual  ships  have  been  gradually  increased,  and  their 
(Mipacitios  for  performing  long  voyages  made  greater.  For 
many  years  sailing  ships  remained  in  sole  possession  of  the 
China  and  Australian  trade ;  but  the  opening  of  the  Suez 
Canal,  and  the  consequent  saving  on  the  length  of  voyage 
from  England  to  China,  have  led  to  the  extensive  use  of 
steamers  on  that  route ;  while  the  progress  made  in  steam- 
ship construction  has  enabled  the  longest  ocean  voyage  that 
requires  to  be  porfomied,  from  England  to  Australia,  to  be 
successfully  iiccomplished  by  steamers. 
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This  cnjwning  triumph  of  steam  navigation  deserves 
especial  mention.  Ships  are  now  running  on  the  Australian 
line  which  perform  a  voyage  exceeding  12,000  nautical 
miles  at  an  average  speed  of  11  or  12  knots,  and  consume 
only  1500  or  1600  tons  of  coal  to  drive  a  weight  of 
6000  to  7000  tons  from  port  to  port.  Placing  these  facts 
beside  the  corresponding  figures  for  the  Oreai  Western^ 
a  successful  ship  in  her  day,  one  is  enabled  to  appreciate 
better  the  progress  of  forty  years.  That  vessel  had  an 
average  ocean  speed  of  8  or  9  knots,  and  consumed  from  400 
to  500  tons  of  coal  in  driving  a  weight  of  about  2000  tons  a 
distance  of  3000  miles.  Contrasting  the  pioneer  Atlantic 
steamer  with  the  magnificent  vessels  now  employed,  no  less 
remarkable  evidence  of  progress  will  appear.  Existing 
vessels  are  four  times  as  heavy  as  the  Great  Western^  but  can 
make  the  passage,  at  an  average  speed  of  14  to  15|  knots, 
with  an  expenditure  of  coal  only  twice  as  great  as  that  of 
their  predecessor. 

In  the  construction  of  steam-ships  of  war,  similar  progress 
has  been  made ;  but  the  period  over  which  it  has  extended 
is  less  by  ten  or  twelve  years  than  the  corresponding  period 
in  the  mercantile  marine.  So  late  as  1846  experimental 
squadrons  of  sailing  ships  belonging  to  the  Royal  Navy  were 
attracting  the  greatest  attention  of  all  persons  interested  in 
naval  afiEairs ;  and  the  steam  reconstruction  of  the  Navy  was 
not  fairly  begim  until  several  years  after.  Into  the  causes 
of  this  delay  it  is  now  unnecessary  to  enter;  but  it  is 
important  to  note  the  great  advances  which  have  been  made 
during  the  last  twenty  years.  The  earliest  screw  line-of- 
battle  ships  had  speeds  of  about  9  or  10  knots ;  the  latest  and 
fastest  vessels  of  that  class  did  not  exceed  13  knots.  The 
armoured  battle-ships  now  afloat  have  speeds  of  14  or  15 
knots,  and  are  twice  or  thrice  as  heavy  as  their  predecessors. 
The  earlier  types  of  unarmoured  frigates  and  corvettes 
attained  speeds  of  10  to  13  knots ;  existing  types  of  frigates 
and  corvettes  have  speeds  ranging  from  13  to  16  knots. 
Hereafter  it  will  be  shown  how  great  is  the  proportionate 
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expenditure  of  power  required  to  attain  these  higher  speeds^ 
but  the  mere  statement  of  the  facts  will  suffice  to  iUustrate 
the  contrast  between  the  steaming  capabilities  of  war-ships 
of  the  present  day  and  those  of  twenty  years  ago. 

It  would  be  beside  our  present  purpose  to  attempt  eyen  a 
sketch  of  the  history  of  steam  nayigation,  either  for  the 
mercantile  marine  or  the  Royal  Navy ;  although  the 
interest  and  importance  of  the  subject  cannot  well  be 
exaggerated.  In  this  chapter  we  propose  simply  to  treat  of 
steam  propulsion  as  it  affects  the  work  of  the  naval  archi- 
tect ;  and  although  references  will  necessarily  be  made  to  the 
work  of  the  marine  engineer,  no  descriptions  wiU  be  giyen  of 
the  various  types  of  engines  and  boilers  in  common  use,  nor 
of  the  many  ingenious  devices  by  which  it  is  sought  to 
obtain  increased  power  and  efficiency  with  a  certain  weight 
of  propelling  apparatus.  Even  when  thus  restricted,  the 
field  of  inquiry  that  remains  open  is  very  large,  and 
deserving  of  the  most  careful  study.  It  includes  a  con- 
sideration of  all  the  circumstances  which  the  designer  of  a 
steamer  has  to  take  into  account  when  determining  the 
form,  dimensions,  and  engine-power  required  to  attain  a 
certain  assigned  speed.  An  exhaustive  discussion  of  these 
subjects  is  impossible  without  recourse  to  mathematical  in- 
yestigations  such  as  cannot  be  introduced  into  this  work ;  but 
it  will  be  possible  to  indicate  in  general  terms  the  principal 
deductions  from  such  investigations,  and  to  illustrate  the 
principles  by  which  the  development  of  steam  propulsion  has 
been  guided. 

The  problem  of  steam-ship  design  is  not  one  admitting  of 
any  general  solution ;  because  the  conditions  to  be  fulfilled, 
in  association  with  the  attainment  of  certain  speeds,  yary 
greatly  in  different  classes  of  ships.  These  conditions 
commonly  include  a  certain  minimum  carrying  power; 
limitations  in  the  draught  of  water,  dependent  upon  the 
service  in  which  the  vessel  is  to  be  employed ;  limits  of 
length,  or  in  the  ratio  of  length  to  breadth  and  depth  ;  and 
the  capability  of  steaming  certain  distances  without  requiring 
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to  take  more  coal  on  board  ;  besides  others  that  need  not  be 
mentioned.  In  order  to  fulfil  all  these  requirements  and  to 
secure  the  assigned  speed,  joint  action  is  necessary  on  the 
part  of  the  naval  architect  and  marine  engineer^  Upon 
the  latter  devolve  the  actual  design  and  construction  of  the 
propelling  apparatus ;  and  his  skill  is  displayed  in  providing 
machinery  which  shall  be  compact,  durable,  strong,  as  light 
as  possible  in  proportion  to  the  power  developed,  and 
economical  in  the  consumption  of  fuel.  The  requirements 
of  the  engineer  also  exercise  considerable  influence  upon 
the  internal  arrangements,  particularly  in  the  appropriation 
of  the  spaces  for  the  machinery,  the  efficient  ventilation  of 
those  spaces,  and  the  structural  arrangements  necessary  to 
resist  the  local  strains  incidental  to  propulsion.  Furnished 
with  the  opinion  of  the  engineer  on  all  these  matters,  and 
with  data  as  to  the  ratio  which  •the  weight  of  the  machinery 
will  bear  to  its  power,  the  naval  architect  proceeds  to 
approximate  to  the  form  and  dimensions  most  suitable  for 
the  new  ship. 

This  approximation  is  necessarily  made  tentatively.  In 
the  earlier  stages,  the  engine-power  must  be  expressed  in 
terms  of  the  assigned  speed,  and  of  a  displacement  which  is 
itself  unknown.  Upon  the  power  of  the  engines  must 
depend  their  weight,  and  the  weight  of  coal  to  be  carried  for 
a  voyage  of  given  length.  And,  further,  the  weight  of  hull, 
as  well  as  the  weights  of  certain  parts  of  the  equipment, 
must  vary  with  the  total  weight  of  the  ship,  her  extreme 
dimensions,  type,  and  structural  aiTangements.  Apart  from 
experience,  a  problem  involving  so  many  omknown  quantities 
could  scarcely  be  solved  ;  but,  guided  by  the  results  obtained 
in  actual  ships,  the  designer  can  proceed  with  a  considerable 
degree  of  confidence.  For  example,  he  may  express  the 
weight  of  hull,  &c.  as  a  fraction  of  the  displacement ;  and  if 
the  new  ship  is  not  very  dissimilar  from  existing  types,  of 
which  the  performances  under  steam  have  been  recorded, 
it  is  also  possible  to  determine,  in  terms  of  the  displacement, 
the  power  and  weight  of  the  machinery,  as  well  as  the  appro- 
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priate  coal  supply.  The  remaitiiug  part  of  the  displacement 
will  consist  of  the  weights  to  be  carried ;  these  are  given 
quantities,  and  hence  an  equation  may  be  formed  from  which 
the  displacement  may  be  estimated  with  a  close  approach  to 
accuracy. 

The  case  is  more  difficult  when  the  new  design  is  to  be  of 
novel  form  or  unprecedented  speed ;  and,  apart  from  model 
experiments  such  as  were  described  in  Chapter  XI.  page  463, 
considerable  doubt  may  surround  the  approximation  to  the 
dimensions  and  displacement.  With  such  exi)eriment6, 
however,  it  is  possible  to  compare  the  resistances  of  alter- 
native forms ;  to  select  that  which  best  fulfils  the  essential 
conditions,  in  association  with  the  least  proportionate  resist- 
ance ;  and  afterwards  to  express  the  engine-power  required 
to  propel  the  ship  at  the  desired  speed,  in  terms  of  the 
product  of  that  speed  into  the  corresponding  resistance. 

The  "  useful  work  "  performed  by  the  engines  of  a  steamer 
moving  at  a  certain  speed,  is  measured  by  the  product  of  the 
resistance  corresponding  to  that  speed  into  the  distance 
through  which  that  resistance  is  overcome  in  a  unit  of  time.* 
It  will  be  remembered  that  the  term  resistance  has  been 
applied  to  the  strain  which  would  be  brought  upon  a  tow- 
rope  if  the  ship  were  drawn  along  by  some  external  force 
which  did  not  interfere  with  the  free  flow  of  water  past  her 
hull.  Suppose  the  resistance  (K)  to  be  expressed  in  pounds, 
and  the  speed  (S)  in  feet  per  second ;  then  the 

Useful  work  (per  second)  =  R  .  S  (units  of  work). 

One  "horse-power"  represents  33,000  units  of  work   per 

minute,  or  550  units  per  second  ;  hence  for  the  horse-powet 

corresponding  to  the  useful  work,  or  "  effective  horse-power, " 

as  it  is  termed,  we  have 

II   S 
Effective  horse-power  (E.H.P.)  =  icEry 

For  example,  in  the  Greyhound  experiments  it  was  found 


•  See  the  remarks  on  "  Work"  at  page  131. 
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that  the  resistance  at  a  speed  of  16*95  feet  per  secondy 
equalled  10,770  lbs. 

w    r      K                         10,770  X  16-95 
Effective  horse-power  =    ^^ =  332. 

This  effective  horse-power  differs  considerably  from  the 
actual  horse-power  developed  by  the  engines ;  but  before 
endeavouring  to  explain  the  causes  which  influence  the  ratio 
which  the  useful  work  bears  to  the  total  work  of  the  engines, 
it  may  be  well  to  describe  how  the  latter  is  usually  expressed, 
in  order  to  assist  readers  unfamiliar  with  the  subject. 

The  power  of  marine  engines  is  expressed  either  in 
"  nominal "  or  "  indicated  "  horse-power.  Indicated  horse- 
power measures  the  work  done  by  the  steam  in  the  cylinders 
during  a  unit  of  time.  If  the  effective  mean  pressure  of  the 
steam  upon  the  pistons  is  p  lbs.  per  square  inch  of  the  total 
piston  area  (A  square  inches) ;  if  Z  be  the  length  of  the 
"  stroke  "  of  the  pistons  (in  feet),  and  n  the  number  of  strokes 
made  per  minute :  then  the  total  mean  pressure  on  the  pistons 
will  be  pK  lbs.,  and  the  distance  through  which  it  acts 
(or  speed  of  piston)  will  be  nZ  feet  per  minute.  The  work 
performed  per  minute  is  therefore  given  by  the  expression, 

Work  =  I? .  A  X  n  Z  (units), 

and  this  is  equivalent  to 

» .  A  X  w  Z 
Indicated  horse-power  (I.H.P.)  =  — Wb  aaq — • 

The  effective  mean  pressure  of  the  steam  is  ascertained 
from  diagrams,  drawn  by  meansi  of  the  useful  little  instru- 
ment known  as  the  **  indicator ;  '*  and  hence  the  term 
**  indicated  horse-power  "  is  derived.*  It  will  thus  be  seen 
to  have  a  definite  meaning,  although  it  is  by  no  means 
a  complete  representation  of  the  efficiency  of  the  propelling 


*  For  details  of  this  instrument  found    information  respecting    the 

and   its  mode  of   application,   the  very  various  pressures  of  steam,  and 

reader  must  refer  to  works  on  the  speeds  of  piston,  used  in  different 

steam-engine,  wherein  will  also  be  types*  of  engines. 
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apparatus.  It  takes  no  account  of  the  efficiency  of  the 
boilers  as  steam  generators,  or  of  the  rate  of  coal  consump- 
tion, or  of  other  important  matters;  but  notwithstanding 
these  omissions,  the  naval  architect  most  fairly  expresses 
the  power  required  to  drive  a  ship  by  the  indicated  power 
of  her  engines.  The  same  measure  will  be  employed  in 
the  estimates  which  appear  in  the  subsequent  parts 
of  this  chapter,  except  where  the  contrary  is  expressly 
stated. 

''Nominal*'  horse-power  was  formerly  the  sole  measure 
which  appeared  in  the  Navy  List  for  her  Majesty's  ships ;  it 
is  still  the  only  measure  appearing  in  the  Mercantile  Navy 
List,  and  is  still  used  in  the  French  and  American  navies. 
Simultaneously  with  the  introduction  of  displacement  tonnage, 
instead  of  the  B.O.M.  for  the  ships  of  the  Royal  Navy,  indi- 
cated horse-power  was  introduced  into  the  Navy  List;  it 
alone  appears  for  ships  of  recent  design,  but  for  vessels  of 
earlier  date  both  the  nominal  and  indicated  powers  appear. 
The  following  examples  will  show  how  greatly  different  in 
different  ships  might  be  the  ratio  of  the  nominal  power  to 
the  actual  or  indicated  power  of  the  engines. 


Ol-  • 

Horse-power. 

1 
Ratio  of 

T    VT   V> 

Ships. 

• 

iDdicated. 

Nominal. 

I.H.P. 
to  N.H.P. 

Albacore 
Spiteful 
Supply  .      . 
bimoom . 
Hector    . 
Agincourt    • 
Bdlerophon 
Monarch 
Peneltjpe 

1 
1 

109 
796 
265 
1576 
3266 
6867 
6521 
7842 
4703 

60 

280 

80 

400 

800 

1360 

1000 

1100 

600 

1-82 
2-86 
3-31 
3-94 
4  07 
5-08 
6-52 
7-13 
7-84 

The  cause  of  these  differences  is  to  be  found  in  the  rules 
by  which  the  nominal  horse-power  was  calculated.  For  all 
shipB,  instead  of  the  true  mean  pressure  of  the  steam  on  the 
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pistons,  a' fictitious  pressure  of  7  lbs.  per  square  inch  was 
assumed.  In  screw  steamers,  the  intended  piston  speed  (say 
in  feet  per  minute)  was  taken  as  the  true  speed,  and 

lbs. 

Nominal    |  _  7  x  area  of  pistons  x  intended  speed  of  piston 
horse-power  J  "  33,000  ' 

In  paddle  steamers  not  even  the  intended  piston  speed  was 
regarded,  but  a  fictitious  speed  was  assumed,  according  to  a 
law  which  has  been  thus  stated — 


=  129-7  (length  of  stroke)^"=s, 


Assumed  speed  of  piston  (feet 
per  minute)      .... 

and  for  these  vessels 

lbs. 

« -  .  ,  ,  7  X  area  of  pistons  x  assumed  speed 
^ommal  horse-power  = 33  000 — ' 

The  manufacturer  of  the  engines  was  usually  under  no 
obligation  to  conform  to  the  assumed  speeds  of  piston,  and 
often  exceeded  them  ;  while  the  assumed  mean  pressure  was 
much  below  the  effective  mean  pressure ;  two  facts  which 
explain  the  very  different  ratios  of  nominal  to  indicated 
horse-power  which  existed  in  different  vessels.  The  change 
from  nominal  to  indicated  horse-power  for  the  ships  of  the 
Royal  Navy  has  so  generally  conimended  itself  that  further 
remarks  are  needless. 

In  the  French  navy  the  nominal  horse-power  is  one-fourth 
of  the  power  which  it  is  expected  the  engines  will  develop ; 
and  in  a  large  number  of  cases  the  actual  indicated  power  is 
found  to  lie  between  4  a^d  4^  times  the  nominal  power.  A 
French  "  horse-power  "  (eheval  vapeur)  is  rather  less  than  the 
English,  being  32,549  foot-pounds  per  minute,  instead  of 
33,000.  To  convert  French  into  English  measures,  the 
former  must  be  multiplied  by  09863. 

Nominal  horse-power  for  the  British  mercantile  marine  is 
not  defined  by  law.     Formerly  the  rule  established  by  the 

2  h 
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practice  of  Messrs.  Boulton  and  Watt  was  generally  em- 
ployed ;  it  was  very  similar  to  the  old  Admiralty  rule  for 
paddle  steamers,  the  same  effective  pressure  of  7  lbs,  per 
square  inch  of  piston  area  being  assumed ;  but  the 

Assumed  speed  of  piston  =  128  -^Length  of  stroke. 

This  rule  has  not  yet  fallen  into  disuse,  but  is  sometimes 
stated  as  follows  : — Let  D^=sum  of  squares  of  diameters  of 
cylinders  (in  inches) ;  then — 

Nominal       I       1   .  x^-^  ^  3/i \ — s— ; — i — 

horse-power  r  =  47  ^  ^'  ^  ^length  of  stroke. 

The  commercial  nominal  horse-power  is,  however,  very  fre- 
quently represented  by  the  following  expression — 

1  nominal  horse-power  =  30  circular  inches  of  piston  area. 

A  "  circular  inch  "  being  a  circle  of  1  inch  diameter,  the 
total  nominal  horse-power  of  a  set  of  engines  would  be 
obtained  by  finding  the  number  of  circular  inches  in  all  the 
piston  areas,  and  dividing  by  30.  This  rule  corresponds 
with  that  of  Messrs.  Boulton  and  Watt,  when  the  piston 
speed  is  assumed  to  be  200  feet  per  minute. 

Various  proposals  have  been  made  with  a  view  to  improving 
the  commercial  method  of  measuring  horse-power,  but  none 
of  them  has  foimd  general  favour.*  In  1872,  the  council 
of  the  Institution  of  Naval  Architects,  having  been  con- 
sulted on  the  subject  by  the  Board  of  Trade,  replied  as 
follows : — "  The  term  nominal  horse-power  as  at  present 
"  ordinarily  used  for  commercial  purposes  conveys  no  definite 
"  meaning."  .  .  .  .  "  The  majority  of  the  committee  were  of 
"  opinion  that  no  formula  depending  upon  the  dimensions  of 
"  any  parts  of  the  engines,  boilers,  or  furnaces  could  be  relied 


*  Mr.   McFarlane   Gray,  of  the  tects  in  1872,  but  not  approved  by 

Board  of  Trade,  proposed  a  method  them.  It  was  based  on  two  measure- 

of  measuring  nominal  hurse-power,  mcnta,  diameter  of  cylinders   and 

which  was  referred   to  ilie  council  width  of  furnace, 
of  the  Institution  of  Naval  Archi- 
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"  upon  as  giving  a  satisfactory  measure  of  the  power  of  an 
"  engine  ;  and  that  even  if  the  varieties  of  engines  and  boilers 
"  now  in  use  could  be  comprised  imder  one  general  expression 
'*  for  the  power,  the  progress  of  invention  would  soon  vitiate 
"  any  such  expression  or  formula."  The  committee  could  not 
agree  to  any  alternative  mode  of  measuring  engine-power, 
but  the  plan  which  met  with  least  objection  was  to  take  either 
the  indicated  power  on  a  trial  trip  as  the  nominal  power,  or 
some  sub-multiple,  such  as  one  fourth  of  the  indicated  power  ; 
the  latter  would  be  very  nearly  the  same  as  the  French  rule. 
So  far  as  we  are  informed,  no  action  has  yet  been  taken  to 
give  effect  to  the  recommendations,  and  to  assign  a  uniform 
or  definite  meaning  to  a  nominal  horse-power  in  the  mer- 
cantile marine. 

In  selecting  the  type  of  engine  to  be  employed  in  a  new 
ship,  in  consultation  with  the  marine  engineer,  the  designer 
has  to  consider  the  ratio  of  the  weight  of  the  various  types 
to  their  indicated  horse-power,  and  their  relative  coal 
consumption.  It  is  usual  to  express  the  weight  of  machiner}'^ 
in  "  hundredweights  per  indicated  horse-power  "  and  the  coal 
consumed  in  "  pounds  per  indicated  horse-power  per  hour." 
Both  these  quantities  may  be  affected  by  the  special 
conditions  to  be  fulfilled  in  various  ships,  especially  in  war- 
ships, even  for  any  single  type  of  engine ;  but  the  following 
brief  statement  may  be  of  service,  representing,  as  it  does, 
the  average  results  of  good  practice  in  the  Royal  Navy. 
Three  types  of  engines  are  now  in  common  use:  first,,  the 
ordinary  type,  with  jet  condensers,  such  as  is  fitted  in  the 
Warrior  and  other  early  ironclads  ;  second,  the  surface- 
condenser  type,  such  as  is  fitted  in  the  Hercules,  Devastation, 
and  other  ironclads  built  in  1863-71 ;  third,  the  compound 
type,  that  has  been  extensively  adopted  during  the  last  few 
years,  and  was  recommended  strongly  by  the  Committee 
on  Designs  for  Ships  of  War  in  their  report  of  1871. 
Besides  these  three  types  of  engines,  there  are  others 
respecting  which  nothing  need  be  said. 

For  the  three  types  named,  the  average  weights  and  rates 

2  L  2 
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of  coal  consumption  at  full   speed   are  approximately  as 
follows : — 


Weight  per 
Types  of  Engines.             i         Indicated 

I      Horse-power. 

Rate  of  Coal  Consumption 

per  Indicated  Horse-power 

per  Hoar. 

Warrior  type 
DttHtstfttioii  tyjKJ  . 
Compound       .... 

3i  cwt.                      4  to  6  lbs. 
3       „                         3to4    „ 
3i     „                        2to?    „ 

In  the  mercantile  marine,  the  compound  engine  has  been 
extensively  used  for  many  years  past  with  the  greatest 
advantage  as  regards  economy  of  fuel  and  efficient  perform- 
ance.* It  appears,  however,  that,  while  the  rate  of  con- 
sumption of  coal  is  about  2  lbs.  per  indicated  horse-power  per 
hour  when  these  vessels  are  making  long  passages  at  full 
speed,  the  weight  of  the  machinery  in  proportion  to  the  indi- 
cated horse-power  is  somewhat  greater  than  in  the  engines  of 
similar  type  used  in  the  Eoyal  Navy.  On  the  other  band, 
marine  engines  have  been  constructed  for  special  services, 
with  weights  not  exceeding  2  cwt.  per  indicated  horse-power; 
and  still  more  in  contrast  with  the  general  practice  is  that 
followed  by  the  builders  of  the  fast  steam-launches,  in  which 
the  weight  of  the  whole  propelling  apparatus,  in  full  working 
order,  has  been  brought  to  about  ^  cwt.  per  indicated  horse- 
power. The  remarkable  performances  of  these  small  vessels 
will  be  further  examined  hereafter ;  but  it  is  a  question 
for  the  marine  engineer  whether,  on  the  large  scale,  any 
similar  economy  of  weight  may  not  be  practicable. 

A  simple  example  wUl  illustrate  the  advantages  gained 
by  adopting  a  type  of  engine  which  economises  fuel,  even  if 
the  engine  itself  has  to  be  made  somewhat  heavier.  Her 
Jlajesty's  ship  Devastation  has  engines  of  the  surface-con- 
densing type,  which  indicated  on  trial  more  than  6600  boise- 


•  See  the  appendix  to  the  report 
of  the  Committee  on  I>esigns  for 
Ships  of  War,  for  the   records  of 


experience  of  several  eminent  mirine 

engineers. 
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power,  and  drove  the  ship  13*8  knots  per  hour.  These 
engines  weigh  1000  tons,  and  the  total  coal  supply  carried 
at  the  normal  draught  is  1350  tons.  Had  the  engines  been 
made  on  the  compound  type,  they  would  have  weighed 
about  1250  tons,  or  250  tons  more  than  their  actual  weight ; 
but  the  rate  of  coal  consumption  would  have  been  only  two- 
thirds  as  great  as  that  of  the  present  engines,  and  therefore, 
with  900  tons  of  coal,  the  vessel  would  have  been  able  to 
steam  as  far  as  she  now  can  with  1350  tons.  This  saving  on 
the  coals  would  not  only  cover  the  additional  weight  of  the 
engines,  but  enable  either  200  tons  to  be  added  to  the  weight 
of  armour,  armament,  and  equipment,  or  the  distances  over 
which  the  ship  could  steam  to  be  increased  about  one-fifth,  or 
any  corresponding  change  to  be  made  that  might  be  preferred. 

In  the  case  of  a  merchant  steamer  making  frequent 
passages  over  a  known  distance,  savings  in  coal  consumption 
are  even  more  important.  One  of  the  large  Transatlantic 
steamers,  for  instance,  now  burning  800  tons  of  coal  on  the 
voyage,  would,  with  engines  of  the  old  jet-condenser  type, 
have  to  bum  1800  or  2000  tons,  and,  with  the  surface-con- 
denser type  of  engine,  would  bum  about  1200  or  1400  tons. 
On  the  work  of  a  year  the  savings  effected  by  using  the 
most  economical  type  would  be  very  considerable. 

The  longer  the  voyage  and  the  larger  the  proportionate 
coal  supply,  the  greater  are  the  gains  of  the  modern  type. 
For  example,  a  steamer  which  now  has  to  carry  a  weight 
of  coal  equalling  three-tenths  of  her  total  displacement,  in 
order  to  perform  the  voyage  to  Australia,  might  have  nearly 
one-fourth  of  the  displacement  available  for  cargo.  But  if 
she  had  engines  of  the  early  type,  consuming  coal  twice  as 
rapidly,  she  would  require  to  carry  coals  amounting  to  three- 
jiftlis  of  her  total  weight,  and  could  carry  no  cargo.  If  she 
liad  engines  of  the  surface-condensing  type,  the  coal  supply 
would  have  to  be  increased  to  nearly  wie-half  the  displace- 
ment ;  and  after  allowing  for  the  small  saving  on  the  weight 
of  eno;ines,  as  compared  \^ith  the  compound  type,  the  weight 
of  cargo  that  could  be  carried  would  be  very  small — not  one- 


5l8  NAVAL  ARCHITECTURE.  chap.  xill. 

half  that  which  the  modem  ship  would  carry.  These  are  not 
mere  estimates,  but  simple  statements  of  fact  based  upon  the 
particulars  of  ships  now  employed  upon  the  service.  And 
it  is  to  the  improvements  in  marine  engines,  which  have 
brought  about  such  great  economy  in  consumption  of  fuel, 
that  the  moderate  size  of  these  successful  ships  is  due. 
When  the  design  of  the  Oreat  Eastern  was  in  contemplation, 
no  such  results  had  been  attained,  and  it  appeared  necessary 
to  build  a  ship  of  extraordinary  dimensions,  for  a  service 
which  is  now  successfully  accomplished  by  ships  of  less  than 
one-fourth  her  displacement. 

Adopting  the  indicated  horse-power  as  the  fairest  measure 
of  the  power  of  engines,  it  is  important  to  ascertain  the  ratio 
which  the  indicated  power  bears  to  the  "eflfective  horse- 
power "  {)reviou8ly  defined.  This  ratio  will  mainly  depend 
upon  three  circumstances :  (1)  the  efficiency  of  the 
mechanism  of  the  engines ;  (2)  the  efficiency  of  the  pro- 
peller; (3)  the  increased  resistance,  due  to  the  changes 
produced  by  the  action  of  the  propeller  in  the  motion  of 
the  water  relatively  to  the  hull  of  the  ship. 

When  an  engine  is  in  motion  imder  its  load,  a  considerable 
part  of  its  indicated  power  must  be  expended  in  overcoming 
frictional  and  other  resistances,  working  the  air-pumps,  &c. ; 
and  only  the  remaining  part  of  the  power  is  available  to 
give  motion  to  the  propeller.  The  proportion  of  the 
indicated  power  expended  in  this  "  waste  work "  no  doubt 
varies  in  difierent  engines,  and  in  any  engine  when  working 
at  different  speeds.  General  experience  appears  to  have 
shown  that  one-fouith  or  one-fifth  of  the  indicated  power 
would  be  a  fair  average  allowance  for  the  waste  work  of 
engines  working  at  full  speed ;  these  are  the  figures  given 
by  Professor  Rankine  and  other  authorities.  The  best  and 
most  recent  information  of  the  kind  yet  published  is,  how- 
ever, due  to  the  researches  of  Mr.  Froude.*    Having  analysed 

*  See  his  paper  "  On  the  Ratio  of  Indicated  to  Effective  Horse-power/* 
Tol.  xvii.  of  the  Transactions  of  the  Institution  of  Naval  Architects. 
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the  steam  trials  of  many  ships,  Mr.  Froude  is  of  opinion 
that,  in  the  engines  of  screw-steamers,  working  at  full  speed, 
the  waste  work  is  quite  three-tenths  of  the  indicated  power ; 
only  about  seven-tenths  being  available  for  giving  motion  to 
the  propeller.  At  lower  speeds  the  waste  work  is  propor- 
tionately greater,  and  in  some  cases,  for  very  low  speeds,  it  is 
considered  to  rise  as  high  as  one-half  the  indicated  power. 
The  ratio  of  the  available  power  to  the  total  indicated  power 
— from  70  to  80  per  cent,  for  full  speed — expresses  the 
efficiency  of  the  mechanism.  It  does  not  appear  that  in  this 
particular  marine  engines  compare  badly  with  land  engines ; 
but  the  analyses  which  Mr.  Froude  has  published  must 
suggest  the  desirability  of  careful  consideration  and  possibly 
improved  arrangements,  by  which  the  waste  work  of  the 
machinery  may  be  diminished,  and  its  efficiency  increased. 

It  will  be  convenient  to  consider  together  the  efficiency 
of  the  propellers  in  common  use,  and  their  influence  upon 
the  motion  of  the  water  passing  a  ship.  The  screw,  the 
paddle,  and  the  water-jet  are  the  only  propellers  that  need 
be  mentioned,  no  others  having  claims  to  serious  considera- 
tion. The  paddle  has  been  in  use  from  the  earliest  days  of 
steam  propulsion,  the  screw  for  about  forty  years,  and  the 
water  jet  was  first  employed  so  long  ago  as  1843.  The  last- 
mentioned  propeller  can  scarcely  be  regarded  as  having 
passed  beyond  the  stage  of  experiment,  having  been  adopted 
in  several  small  vessels  and  floating  fire-engines,  but  only  in 
one  ship  of  moderate  size,  her  Majesty's  ship  WcUerwiteh, 
It  has,  however,  attracted  so  much  attention,  and  been  so 
strongly  recommended,  that  it  cannot  be  left  imnoticed. 
The  paddle-wheel  was  the  first  propeller  employed,  and 
although  it  has  now  given  place  to  the  screw  for  ocean 
navigation,  it  still  remains  in  common  use  for  river  and 
shallow-water  steamers.  The  screw  is  now  by  far  the  most 
important  propelling  instrument,  and  there  seems  no  present 
probability  of  any  other  propeller  replacing  it ;  so  that  it 
claims  most  attention.  It  is  proposed  to  glance  at  the 
distinctive  features  of  the  other  two  propellers  before  passing 
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to  the  consideration  of  the  screw ;  and  in  order  to  compare 
their  relative  eflSciency,  it  may  be  well  to  state  briefly  the 
fundamental  principle  of  the  action  of  all  propellers. 

The  action  of  the  propeller  drives  stemwards  a  stream  of 
water,  and  the  reaction  of  that  stream  drives  the  ship  ahead. 
This  reaction  is  measured  by  the  stemward  momentum  com- 
municated to  the  stream  in  a  unit  of  time,  and  may  be 
expressed  as  follows : — Let  C  =  the  cubic  feet  of  water  acted 
upon  by  the  propeller  per  second :  for  sea-water  weighing 
64  lbs.  per  cubic  foot,  the  weight  of  water  acted  upon  per 
second  must  be  64C  lbs.  Let  v  =  the  stemward  velocity 
(in  feet  per  second)  impressed  upon  the  stream :  then  the 
magnitude  of  the  force  of  reaction  K  is  measured  by  the 
added  velocity  (as  explained  on  page  152),  and  we  must 
have — 

Kt'action  (K)  v  _     v 

Weight  of  water  acted  upon  "  g       32*2   ' 

K  =   gnlo    ^  weight  of  water  acted  upon 
=   oo:!)   X  G4C  lbs.  =  2Cv  lbs.  (nearly). 

This  reaction  measures  the  propelling  force,  or  thrust  of  the 
propeller.  When  the  ship  is  in  uniform  motion,  there  must 
be  an  exact  balance  between  this  thrust  and  the  total  resist- 
ance then  opposing  the  motion  of  the  ship.  When  the  thrust 
exceeds  the  resistance,  the  motion  of  the  ship  will  be 
accelerated ;  when  the  converse  happens,  the  motion  will  be 
retarded.  It  is,  however,  important  to  note  the  fact  men- 
tioned above,  viz.  that,  when  a  propeller  acts  upon  the 
streams  of  water  flowing  past  a  ship,  their  natural  flow 
(described  in  Chapter  XL)  is  interfered  with  more  or  less; 
the  result  being  an  increase  in  the  resistance  experienced  by 
the  ship.    This  point  will  be  further  elucidated. 

From  the  foregoing  general  expression  it  appears  that  the 
thrust  of  a  propeller  depends  upon  the  quanJtilbj  of  waier 


CHAP,  XIII. 


STEAM  PROPULSION. 


521 


acted  upon  per  second,  and  the  sternward  vdodty  impressed. 
So  long  as  the  product  Gv  is  unaltered,  so  long  does  the 
thrust  remain  constant,  no  matter  how  C  and  v  may  be 
individually  varied.  It  may  be  noted,  however,  that  in 
practice  it  is  always  preferable  to  make  the  value  of  the 
velocity  v  as  small  as  possible,  in  order  to  reduce  the  waste 
work  performed  in  giving  motion  to  the  race,  and  to  lessen  the 
speed  at  which  the  propeller  has  to  be  driven  ;  so  that  it  is 
advantageous  to  adopt  a  form  of  propeller  which  will  operate 
upon  the  largest  possible  quantities  of  water.  Moreover, 
all  conditions  which  affect  the  flow  of  water  to  the  propeller 
must  exercise  a  sensible  eflFect  upon  its  eflSciency.  And, 
lastly,  the  position  in  relation  to  the  ship  in  which  a  pro- 
peller is  placed  may  greatly  affect  its  efficiency,  more 
especially  through  its  influence  upon  the  stream-line 
motions,  and  the  effect  of  those  motions  upon  the  supply 
of  water  to  the  propeller.* 


The  water-jet  is  the  simplest  of  the  three  propellers.  In 
her  Majesty's  ship  Wateru:iich  it  is  applied  in  the  following 
manner.  Openings  are  made  in  the  bottom  of  the  ship  to 
permit  the  passage  of  water  into  the  interior.  The  water 
which  enters  necessarily  has  the  forward  motion  of  the  ship 
impressed  upon  it,  then  passes  into  a  turbine  driven  by  the 
main  engines,  and  is  expelled,  with  considerable  velocity, 
through  passages  leading  to  an  outlet  or  nozzle  placed  on 
each  side,  at  the  level  of  the  load-line.  These  nozzles 
direct  the  issuing  streams  stemward  when  the  ship  is  to 
be  moved  ahead,  and  in  the  opposite  direction  when  she 
is  to  go  astern;  arrangements  being  made  by   which  the 


♦  Readers  desirous  of  following 
out  the  mathematical  treatment  of 
this  subject  may  consult  with  ad- 
vantage the  paper  **0n  the  Me- 
chanical Principles  of  the  Action  of 
Propellers,"  contributed  to  vol.  vi.  of 
the  Transacti(yiis  of  the  Institution 


of  Naval  Architects,  by  the  late 
Professor  Rankine;  as  well  as  the 
remarks  of  Mr.  Froude  on  that 
paper ;  also  the  papers  by  Professor 
Cotterill  published  in  Nos.  2  and  3 
of  the  AnniuU  of  the  Royal  School 
of  Naval  Architecture. 
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direction  of  outflow  can  be  easily  reversed.  The  stemward 
veloiuty  with  which  the  issuing  streams  are  impressed  is,  of 
course,  the  difference  between  their  actual  velocity  of  outflow 
(V)  through  the  nozzles  and  the  speed  of  advance  {v)  of  the 
ship.  If  A  =  the  joint  area  of  the  outlets  in  square  feet,  we 
have — 

Cubic  feet  of  water  acted  upon  per  second  =  AV  ; 

Stemward  velocity  (in  relation  to  still  water)  =  V  — r; 

Thrust:    or    momentum   created)     ^ ,  ^^  ,t       mi     , 

per  second  in  sea  water      .      .[=2A\  (V-r)lb8.(nearly). 

It  is  important  to  note  tliat  the  propelling  effect  due  to  the 
reaction  of  the  streams  issuing  from  the  nozzles  is  as  great 
when  the  outlets  an^  placed  above  water  as  when  they  are 
under  water,  if  the  velocity  of  outflow  and  the  speed  of  the 
ship  are  the  same.  If  the  nozzles  are  placed  above  water, 
the  turbine  has  to  do  some  small  amount  of  additional  work, 
in  raising  the  water-jets  to  the  height  of  the  nozzles  befor<} 
expelling  them.  If  the  nozzles  are  placed  under  water,  their 
projection  beyond  the  sides  of  the  ship  will  cause  additional 
resistance,  es|>ecially  if  they  are  of  large  sectional  area.  In 
the  Watertritch,  a^  stated  above,  the  nozzles  are  placed  at  the 
level  of  the  load-line. 

The  following  points  require  careful  consideration  in 
making  use  of  the  v  ater-jet  projK»ller,  if  its  efficiency  is  to  be 
made  as  great  as  possible : — First :  the  arrangement  of  the 
inlets  in  the  lK>ttom  :  otherwise  waste  work  may  be  done  in 
giving  motion  to  masses  of  water  which  do  not  enter  the 
ship.  Second  :  the  arrangement  of  the  pipes  and  channels 
by  which  the  jets  are  conducted  from  the  inlets  to  the 
outlets:  (Otherwise  the  frictional  and  other  resistances  of  the 
water  in  passing  through  these  channels  may  become  un- 
necessarily great.  Third :  the  determination  of  the  sectional 
areas  of  the  outlets,  their  positions,  and  the  forms  of  their 
casings  ;  otherwise  the  sectional  areas  of  the  jets  may  be  too 
small  to  secure  economical  proi)ulsion,  or  the  juissage  of  the 
casings  through  the  water  may  give  rise  to  serious   resist- 
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ance.  Besides  these  matters,  there  are  the  equally  important 
questions  relating  to  the  design  of  the  engines  which  drive 
the  turbine,  and  of  the  turbine  itself ;  but  these  concern  the 
marine  engineer. 

Usually  the  inlets  and  outlets  of  a  vessel  propelled  in  this 
manner  are  placed  amidships,  where  the  streams  produced 
by  the  passage  of  the  ship  in  the  surrounding  water  have 
their  maximum  sternward  motion  relatively  to  her.*  This 
fact  may  somewhat  reduce  the  eflBciency  of  the  propeller,  as 
compared  with  what  its  action  would  be  if  the  water  were 
undisturbed  by  the  passage  of  the  ship.  A  far  more  serious 
decrease  of  efficiency  results  from  the  resistances  to  be  over- 
come in  driving  the  water  through  the  curved  passages  from 
the  turbine  to  the  nozzles;  and  these  resistances  must 
increase  rapidly  with  the  speed  with  which  the  water  is 
driven.  Theoretically  the  larger  the  sectional  area  (A)  of  the 
nozzles  becomes,  in  order  to  make  (V)  the  velocity  of  outflow 
as  small  as  possible,  for  a  certain  propelling  force  and  a 
certain  speed  of  ship,  the  greater  should  be  the  efficiency  of 
the  propeller.  But  in  practice  there  are  various  limitations 
to  any  increase  in  the  area  of  outlets  approaching  the 
dimensions  which  theory  would  assign;  and  this  fact, 
together  with  the  resistances  to  be  overcome  in  the  passages, 
makes  the  jet-propeller  compare  unfavourably  with  the  screw 
and  paddle. 

In  the  case  of  the  Waterwiich  the  joint  sectional  areas  of 
the  nozzles  amounted  to  5^  square  feet  only,  these  being  the 
sectional  areas  of  the  streams  to  which  the  propeller  gives 
sternward  velocity.  On  investigation  it  appears  that  the 
quantity  of  water  passing  through  the  nozzles  per  second 
when  the  vessel  attained  a  speed  of  9*3  knots  was  only 
about  150  cubic  feet,  the  velocity  of  outflow  being  less  than 
30  feet  per  second.  The  smallness  of  this  quantity  will 
appear  more  clearly  if  it  is  compared  with  the  quantity  of 
water  acted  upon  by  the  twin-screws  of  the  Viper^  when  tried 


*  See  page  434. 
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in  eomj^etition  with  the  Watenciteh,  The  Viper  attained 
a  sjhhhI  of  9t)  knots,  her  engines  deyeloped  696  horee- 
jH>wer,  her  disj  laoement  being  1180  tons,  and  her  twin- 
8orew8  oj^erateil  on  over  2(KH)  cubic  feet  of  water  per  second, 
quite  fourteen  times  as  large  a  quantity  as  the  jets  of  the 
\Viiier\citch  delivereil  jer  second.  It  is  not  surprising, 
therefon\  that  the  latter  ship  attained  no  higher  speed  than 
D'.'i  knots  with  7r>l»  indicated  horse-power,  although  her 
dis|ilacement  was  only  11  GO  tons,  and  her  form  at  the  stem 
wtis  so  much  finer  than  that  of  the  Vifer  as  to  considerably 
decn^ase  the  resistance.  It  is  unnecessary  to  give  a  similar 
iH>m{virisi>n  with  a  }^ddle-wheel  vessel,  or  to  say  more  at 
prt^st^nt  n"S}»ecting  the  contrast  between  the  screw  and  jet, 
Invauso  in  dismissing  the  efficiency  of  screw  propellers  many 
matters  now  unnotic^nl  will  be  mentioned. 

ExiH^imonts  have  l>een  made  with  the  Waterwiieh  to  test 
the  eftivt  oi  t^hteint^  the  sectional  areas  of  the  nozzles,  and 
the  n»sults  obtaintHl  indicate  simie  decrease  of  efBciency  as 
iHUuj^innl  with  the  jH>rformances  with  full-sized  nozzles,  just 
as  might  Ih^  ex|HH*tiHl  fix>m  the  general  considerations  stated 
abiive.      N\»   ex[HTiments    have    been   made    with    nozzles 
cnlargtHl  Ivvvmil  the  stvtional  area  of  5 J  scjuare  feet,  which 
has  Ihvii  shown   to  W  projK^rtionately  very  smalL     Con- 
siderable ehangt*s  would  have  l>een  required  in  the  ship 
Wfon*  tins  eu!argt*ment  of  the  nozzles  could  be  effected ; 
but  tht^n*  is  every  ri^iis^m  to  U^lieve  that  in  any  future  jet- 
pn^jH^liHl  ship  it  would   be  found  advantageous  to  adopt 
nozzles  of  greater  size,  and  to  n^huv  the  velocity  of  outflow 
of  the  jets. 

It  has  Ihvu  urginl  that  the  inervaseil  manoeuvring  power 
obtaiutHl  with  jet-prv»{H»l!ers  should  lead  to  their  adoption  in 
vessels  of  war,  even  though  they  are  less  efficient  for  pro- 
pulsion than  the  Si'r\^w  i^r  j^ddle.  This  point  will  be  dis- 
cusseil  in  i'hapter  XIV.:  it  will  only  l>e  necessary  to  add 
here  that  this  kind  of  prv»ivller  is  esjiei*ially  well  adapted 
for  vess^ds  desigutnl  as  riv^ating  tire-engines,  where  the 
pumping  jKmer,  which   luis  Xo  K»  pn>vide«l  independently 
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of  propulsion,  can  be  readily  made  available  for  giving 
motion  to  the  vessels. 

Paddle-wheels,  like  jet-propellers,  give  direct  stemward 
momentum  to  streams  of  water,  the  reaction  of  which 
constitutes  the  thrust  or  propelling  force.  These  streams 
form  what  is  termed  the  "  paddle- race ";  and  their  cross- 
sectional  areas  depend  upon  the  area  and  immersion  of  the 
paddle- floats.  **  Feathering"  paddle-floats  are  now  generally 
employed;  the  common  paddle-floats  being  fixed  radially 
upon  the  wheels.  The  9fpeed  of  the  floats  depends  upon  their 
radial  distance  from  the  centre  of  the  wheel  and  the  number 
of  revolutions  of  the  wheel  in  a  imit  of  time.  Suppose  the 
centre  of  the  floats  to  be  16  feet  from  the  centre  of  the 
wheel,  and  the  wheel  to  make  16  revolutions  per  minute. 
Then  speed  of  floats  in  feet  per  second  (V)  would  be  given  by 

V  ^  2  X  31416^x  16  X  16  ^  2g.g  ^^^  ^^^^^^^ 

If  the  speed  of  the  ship  is  called  v,  the  difference  (V— v) 

between  that  speed  and  the  speed  of  the  paddle-floats  is 

termed  the  dif  of  the  paddles,  and  is  usually  expressed  as  a 

fraction  of  V,  or 

V-v 
Slip  (per  cent.)  =  — y-  x  100. 

Suppose  in  the  example  chosen — which  is  taken  from  an 
actual  ship — that  the  speed  v  is  22*4  feet  per  second  (about 
13  knots  per  hour)  : 

26-8 -22-4 
Slip  (per  cent.)  = otT-.o —  X  100  =  ICJ  (nearly). 

From  15  to  20  per  cent  appears  to  be  a  fair  average  for  the 
slip  of  paddle-wheels  when  working  under  favourable  con- 
ditions. Being  usually  placed  amidships,  they  operate 
on  water  which  has  its  maximum  stemward  velocity 
relatively  to  the  ship,  and  this  fact  somewhat  reduces  the 
efficiency.     With  a  certain  speed  of  revolution  it  lessens  the 
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8temward  momentum  which  the  floats  can  impieas  iipoii  the 
paddle-race.  With  a  certain  indicated  power,  the  speed 
of  the  paddle  wheels  may  be  increased  in  eonsequenoe  of 
working  in  the  di^turbed  water,  but  the  waste  work  on  the 
engine,  friction,  '^  churning"  of  the  water,  &c.  will  be  alao 
increased ;  8^>  that  there  must  be  less  efficient  action  than 
if  the  paddle  worked  in  still  water.  K  the  motion  of  the 
water  be  disregarded,  and  the  paddles  assumed  to  operate  on 
water  \\  hich  is  undisturbed  by  the  passage  of  the  ship,  it  is 
easy  to  express  the  thrust  of  the  propeller.  Let  A  =  erosB- 
sectional  area  of  the  paddle-race  on  both  sides.  Then,  if  V 
and  V  have  the  same  values  as  in  the  preceding  equations 
for  slip  of  paddle-wheels. 

Cubic  feet  of  water  acted  upon  per  second  =  A  .  V  ; 
Thrust :  or  momentum  created  per  I 

Bocond  in  seu-water  .      .      .      .  j  =  2AV  (V  - 1;),  nearly ; 

the  exact  determination  of  A  is  not  an  easy  matter.  With 
the  common  or  radial  float  it  is  generally  supposed  to  equal 
the  product  of  the  length  (or  transverse  measurement)  of 
the  floats  into  their  maximum  depth  of  immersion ;  whereas 
with  feathering  floats  it  is  assumed  e<|ual  to  the  area  of  the 
float.  Ccjrtain  rules  have  been  established  by  experience  for 
fixing  the  size  of  the  paddle-wheels,  the  length  of  the  floats, 
tlieir  breadth,  and  maximum  immersion.  Mr.  Scott  Russell 
summarises  these  rules  as  follows :  * — The  size  of  the 
l)addle-wh(^el  should  be  determined  by  considering  the 
intended  si)ee(l  of  the  ship,  the  average  slip  of  the  paddles 
in  similar  vessels,  and  the  number  of  revolutions  per  minute 
(considered  most  suitable  for  the  engines.!  The  height  of 
\\\K}  paddle-shaft  and  of  the  t  ngines  in  the  ship  should  also 
be  noted,  in  order  to  determine  their  efiect  on  the  stability. 
In  the  fully  laden  condition  of  the  shi])  the  wheel  should  not 


*  Ste  his  work  ou  Naval  Archi-  steamers,  we  find  that  from  20  to 

tecture.  30  revolutions    per    miQute    www 

t  From    the    comparison    of    a  common,  but  in  some  cases  40  to 

great  nnmber  of  high-speed  paddle  45  revolutions  were  made. 
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be  buried  in  the  water  more  than  one-third  to  one-half 
its  radius;  in  the  light  condition  the  upper  edges  of  the 
paddle-floats  should  be  at  least  6  inches  under  water  when 
they  are  vertical.  The  length  (or  transverse  measurement) 
of  the  floats  should  not  exceed  one-third  or  one-half  the 
breadth  of  the  ship  except  in  special  cases.  In  a  radial  or 
common  paddle-wheel  the  number  of  the  floats  should  about 
equal  the  number  of  feet  in  the  diameter ;  and  the  breadth 
of  the  floats  should  be  about  |  inch  or  I  inch  for  each  foot 
in  the  diameter.  In  a  feathering  paddle  the  floats  should  be 
about  one-half  as  numerous  and  twice  as  large  as  the  floats 
in  a  common  paddle-wheel.  These  are  only  approximate 
rules  for  deep-water  steamers ;  for  shallow  draught  vessels 
these  rules  would  not  be  followed,  but  the  special  conditions 
on  which  a  vessel  was  to  be  employed  would  be  considered. 

The  chief  practical  difficulty  with  paddle-wheels  applied 
in  large  sea-going  steamers  was  connected  with  the  variations 
in  their  performance,  produced  by  changes  in  the  draught  of 
water  and  the  immersion  of  the  floats.  In  performing  a  long 
voyage,  the  consumption  of  coal  and  stores  might  produce  a 
change  of  draught  amounting  to  several  feet ;  and  the  paddle- 
floats  which  were  too  deeply  immersed  to  be  most  efficient 
when  the  voyage  began,  might  not  be  sufficiently  immersed 
when  it  ended.  When  variations  in  draught  are  not  con- 
siderable, the  voyages  being  short,  and  the  changes  in  the 
weights  small^  paddle-wheels  can  be  employed  with  the 
greatest  success.  EoUing  motions,  of  course,  greatly  affect 
the  action  of  paddles  in  ships  at  sea,  and  not  merely  influence 
their  propelling  effect,  but  give  rise  to  serious  straining 
actions  upon  the  propelling  apparatus.  A  paddle-wheel  at 
one  instant  submerged  far  below  its  normal  depth,  and  having 
its  revolutions  retarded  by  the  change,  might  a  few  seconds 
after,  on  the  roll  of  the  ship  in  the  opposite  direction,  be 
lifted  almost  (dear  of  the  water  and  "  race  "  violently  beyond 
the  normal  speed.  In  smooth  water  no  similar  disturbances 
of  the  regular  action  of  paddles  occur ;  and  they  are  there 
applied  with  the  greatest  advantage. 


-har.    ^rrt   Tit-    »— ^     ;ia«il!:r— ^ij^ii.  -nir  v^fite-  "•nrk   ir  IfsvC 
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without  serious  practical  inconveniences.    Hence,  on  the 
whole,   paddles  appear   preferable  to  jets,  and  they  are 
equally  applicable  even  in   the  shallowest  waters,  except, 
perhaps,  in  cases  where  very  narrow  channels  have  to  be 
navigated ;  but  even  under  these  special  circumstances  the 
paddle  is  commonly  used,  being  placed  astern  instead  of 
amidships.    When  paddles  are  fitted  so  that  they  can  be 
disconnected,  and  the  wheels  on  opposite  sides  of  a  ship 
worked  in  opposite  directions,  they  give  as  great  manoeuvring 
power  under  steam  as  water-jets ;  besides  being  more  efficient 
propellers.     On  the  other  hand,  paddles  are  more  liable  to 
injury  than  the  nozzles  for  water-jets:  and  this  difference 
is  of  special  importance  in  war-ships. 

In  concluding  these  remarks  on  paddle-wheels,  it  may  be 
added  that,  although  they  have  now  given  place  to  screws  in 
nearly  all  sea-going  steamers,  yet  the  highest  speeds  yet 
attained  by  ships  on  smooth-water  measured-mile  trials  have 
been  attained  by  paddle-steamers.  The  Holyhead  packets 
steamed  17f  knots ;  her  Majesty's  yacht  Victoria  and  Albert, 
17  knots;  and  many  other  vessels  have  steamed  from  15  to 
16  knots ;  all  of  these  speeds  being  very  high  as  compared 
with  the  measured-mile  speeds  of  the  finest  screw-steamers 
of  the  present  day.  Measured-mile  performances  do  not 
necessarily  afford  a  fair  comparison  of  the  average  speeds 
attained  at  sea,  and  in  the  maintenance  of  speed  at  sea  screw- 
steamers  undoubtedly  gain  upon  paddle-wheel  vessels. 

Before  proceeding  with  the  discussion  of  the  special 
features  of  screw-propellers,  it  will  be  desirable  to  explain  a 
few  of  the  terms  that  will  be  frequently  employed.  The 
diameter  of  a  screw  is  measured  from  the  circle  swept  by  the 
tips  of  its  blades  during  their  revolution ;  the  area  of  this 
circle  measures  the  screw-diac.  The  pitch  of  a  screw  is  the 
length  of  a  complete  turn  measured  parallel  to  the  axis ;  in 
other  words,  it  is  the  distance  which  the  screw  would 
advance  in  one  revolution  if  it  worked  in  a  solid  nut.  The 
speed  of  a  screw  is  the  distance  it  would  advance  in  a  unit 
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Thi$i  ^lip  (V ^Vj,  if  the  ^rew  worked  in  water  mudistoibed 

\ff  t\i0z  [A«*Ma(re  of  the  :9hip,  would  clearlj  be  tiie  stemwaid 

felrir;ity  relatively  t^i   i^till    water  of  the  particles  in   the 

pro(i^;ller  ra/!e.     In  prar^tice,  howerer,  the  screw   worin  in 

water  whirth  hax  Fi^ren  diistnrbed  by  the  passage  of  tlie  ahip; 

an'l  hfzuf'J:,  rttrirrtl y  ifjeaking,  the  slip  (Y  — 9)  should  be  termed 

th^;   affar^mt  dip.    The  real  dip  may  be  defined  as  the 

tfital  c.hnup^ft  in  the  velrjcity  of  particles  in  the  race  prodnoed 

by   th«;   tuti'ion   of  the   prrjpeller.     The  frictional   drag  of 

the  fihip  UMiially  prryluces  a   forward  motion  of  the  snr- 

roiinrlin^  [lartirK^,  and  forms  a  wake,  in  which  the  screw 

workM ;  it  then  han  t^>  destroy  this  forward  motion  before  it 

run  imfireHH  a  Kte.mward   motion,  relatively  to  still  water, 

i]|Kin  thft  race;  but  the  apparent  slip  takes  acconnt  only  of 

that  MU^mward  motion,  and  hence  may  differ  considerably 

from  the  rc^il  Hlip.     In  some  cases  the  carious  phenomenon 

<if  n\t\mTi*i\t  **  negative  slip"  is  observed,  the  speed  of  the 

wrP'W  Idling  UiHH  than  that  of  the  ship ;  but  more  commonly 

thn  appin^nt  slip  iH  jx^sitive,  and  varies  from  10  to  30  per 

r.ont.,  20  ]h\t  crnt.  being  the  average  in  very  many  cases.    It 

lioH  outHido  our  present  purpose  to  enter  further  into  thedis- 

iMiHHion  of  tho  cauHi'rt  governing  the  Blip  of  screw-propellen; 
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the  reader  desirous  of  following  it  out  will  find  several  valu- 
able papers  on  the  subject  published  in  the  TranmduyjM 
of  the  Institution  of  Naval  Architects. 

The  thrust  of  a  screw-propeller,  like  that  of  a  paddle  or 
jet,  is  measured  by  the  stemward  momentum  generated  in 
the  race  per  second.  This  race  is  generally  assumed  to 
consist  of  a  cylindrical  colunm  of  water,  having  the  screw- 
disc,  less  the  circle  swept  by  the  "  boss  "  of  the  screw,  for  its 
athwartship  section.  The  surfaces  of  the  screw  are  oblique, 
departing  more  or  less  from  coincidence  with  athwartship 
planes ;  whereas  paddle-floats  are  placed  athwartships,  and 
the  jet  delivers  its  column  directly  stem  wards.  This  oblique 
action  of  the  screw-propeller  constitutes  an  important  differ- 
ence between  it  and  the  other  two  propellers  ;  rotary  as  well 
as  stemward  motion  being  imparted  to  the  race.  This  rotary 
motion  must  be  accompanied  by  centrifugal  action,  pro- 
ducing some  diminution  of  pressure  of  the  screw  upon  the 
water,  and  some  loss  of  thrust.  As  the  screw  revolves,  it  also 
experiences  frictional  resistance  on  its  surfaces  from  the 
surrounding  water,  and  this  has  been  proved  to  be  an 
appreciable  item  in  the  total  work  of  the  engines,  producing 
a  diminution  of  the  thrust. 

All  these  drawbacks  to  the  efficiency  of  screw-propellers 
are,  however,  unimportant  when  compared  with  the  increased 
resistance  produced  by  their  disturbing  action  upon  the 
stream-line  motions  of  the  water  surroimding  a  ship  in 
motion.  The  natural  flow  of  the  streams,  as  previously 
explained,  causes  them  to  close  in  around  the  stem  and 
produce  a  forward  pressure,  which  counterbalances,  to  a 
large  extent,  the  sternward  pressure  of  the  streams  upon  the 
bow.  When  a  rapidly  revolving  screw  is  placed  close  to  the 
stem,  and  made  to  give  stemward  momentum  to  large 
quantities  of  water,  there  is  a  lessened  forward  pressure  on 
the  stem,  while  the  stemward  pressure  on  the  bow  remains 
nearly  the  same  as  before.  Consequently,  there  is  a  con- 
siderably increased  resistance.  For  many  years  past  these 
general  considerations  have  been  agreed  to,  but  it  is  only 
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» i*»2.    ^.'»^i   »r  1.  ^*— "1    ~    •  •=   ini.js.  Ill-  v-v-rcpe  strain 
wvk  '^l  I'jt.     -wzr^  n— Til  :7  1-=:  -w^  Tr:cieli=r  ax  the  same 
w^*<^  Jie  •n.-irtr.    1  &  iT^iaZi  cL-^=>rT.  v»  I'.^2  Ihs.  or  37  per 
'^BUi.  4-V'TS:  tiir  -^/v-*  ^^  arrtn.     F  c  lir  ^peed  of  7  knots 
toc^  "irxa.r.aiir'rT  -lLias-:  t^iri?::   c  TrVi  Ih&. — Siiper  cent 
fpaiOJ^  UAi  ^i^r:   '.vCT^.  c«iz^  ::"»-r.w  §txmin.     At  lower 
fr  tlriL?:   ic  ir-T   iTLjzif.-zi-ricT  was  not  nearly  so 
i&  jK^.y.ety.c  v  il*  t.:w-r:« -cain.     These  experi- 
nMd4  art  T^rrr  irvrr*«::z^.  t-^  ^-ai^oi  o:«znpaie  in  aocnracy 
vith  XhfM0is  iLa/ie  ciri'er  tlr  C'.-r.^iition*  which  Mr.  Fronde 
4aJGi  U!0TOX^  witii  tLe  aii  of  Lis  irlicate  measuring  ap^viiatos 


*  Km  %    V^V^    *J^  "'i^   fi^^V<cct  IsLervood*s    report    jmblished  b? 

CMitnlMaed  by  Mr.  Eclun  Vj  the  the  United  States  Navy  Depirt- 

Tram(M^ion$  of  the  iLstitatkn  of  Eoent. 
NftVAl  ArchitwU  (or  1872,  aad  Mr. 
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and  appliances  for  ensuring  the  maintenance  of  unifonn 
motion  during  each  run  of  a  model,  at  any  desired  speed. 

The  adventitious  resistance  produced  by  the  action  of  a 
screw  is  considerably  influenced  by  its  distance  from  the 
stem.  Almost  always  the  screw  is  placed  close  to  the  stem, 
and  its  sweep  is  so  considerable  that  a  very  large  portion 
of  the  water  set  in  motion  by  the  passage  of  the  ship  is 
influenced  by  its  action.  But  if  the  screw  is  placed  some 
distance  astern  of  the  ship,  it  appears  to  interfere  very  much 
less  with  the .  natural  flow  and  forward  pressure  of  the 
streams  upon  the  stem,  causing  comparatively  little  increase 
of  resistance.  Mr.  Froude  states  as  the  result  of  direct 
experiment  that,  if  a  single  screw  is  placed  one-third  or  one- 
fourth  of  the  extreme  breadth  of  a  ship  clear  of  the  stem, 
the  increase  of  resistance  produced  by  its  action  is  only 
one-fifth  of  that  ordinarily  produced.  In  a  few  ships  the 
screw  has  been  placed  abaft  the  rudder ;  this  is  the  arrange* 
ment  adopted  in  the  swift  steam-launches  recently  con- 
structed. But  in  no  case  has  it  been  placed  nearly  so  far  aft 
as  the  distance  indicated  by  the  experiments ;  nor  could  it 
be  so  placed  without  incurring  serious  practical  disadvan- 
tages, especially  in  war-ships.  A  screw  placed  clear  of  the 
stem,  instead  of  under  its  protection,  would  run  great  risks 
of  damage  in  action;  even  if  it  could  be  satisfactorily 
supported  imder  ordinary  conditions  of  service. 

Notwithstanding  these  drawbacks,  the  screw  has  quite 
superseded  the  paddle  for  ocean  navigation  and  deep-water 
service,  has  been  proved  quite  equal  to  the  paddle,  if  not 
superior  to  it,  on  the  measured-mile  smooth-water  trials  of 
speed,  and  has  surpassed  the  jet  in  efficiency  on  the  only 
occasions  when  fair  comparative  trials  have  been  made. 
It  has  been  questioned  whether  in  smooth  water  the  screw 
is  so  effective  as  the  paddle ;  but  the  trials  in  the  Rattler 
and  AlectOy  the  Niger  and  the  Basilisk,  indicated  a  decided 
superiority  in  the  screw,  and  this  opinion  has  been  con- 
firmed by  a  careful  comparison  of  very  many  .measured-mile 
trials  of  paddle  and  screw  steamers  of  similar  types.    Pro- 
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?ki#^l  that,  th^  dmiirht  fA  water  of  tfa«  ^lip  ia 

p^,TTfiit  th^  i»e  of  a  sfrr^w,  or  twiii-4CTe«9.  of  soficiaahr  hige 

dUin^^r,  it  m   fv«H!erable  to   o^e  the  acrevm.     Wbem  tiie 

rlrftii^ht  H  tr^i  limits  eTen  for  twin-screws. 

bAff;  fr/#:^b  fi.'ii^l,  bat  orduutfilT  the  paddle  wowld  be 

11i#;  ^rffidenrry  r/f  the  screw,  as  eompared  with  the  paddk 
or  j#^,  in  fonrxith  water  results  from  the  tact  that  it  opeiates 
nf>/m  mnch  lar^r^rr  quantities  of  water  in  a  unit  of  time.    The 
rA/9^;  of  a  well-immersed  screw-propeller   has   a   seetiaoal 
ar#;a  apfiroximatel  j  equal  to  the  screw-disc ;  and  this  is  Terr 
lar^e  even  as  f;riinpare<l  with  the  largest  paddle-race.     It  is 
M^r^rely   mrc^-mary   to  illustrate  this   statement ;    let   one 
crmtrast  Miiflice.     The  famons  paddle-steamer  ScaHa  and  her 
}iAymiy*n  ship  Voloffe  lx>th  attained  a  speed  of  about  15  knots 
on  the  meaHur^'il  mile.    For  both  paddles  in  the  SeUia  the 
sectif^nal  area  of  the  race  equalled  about  130  square  feet,  and 
the  H[K;ed  of  the  floats  was  about  34  feet  per  second,  that  of  the 
shif)  U;in^  2{\  fi^it.     For  the  screw  of  the  Yciagey  the  disc  area 
was  a)x)iit  2H()  Hf|iiure  feet,  the  speed  of  the  screw  30^  feet  per 
W'VA9i\i\^  and  that  of  the  ship  25^  feet.     On  calculation  it  will 
bf)  found  that  the  paddles  operated  on  about  4500  cubic  feet 
of  water  {H^r  second,  the  indicated  horse-power  of  the  engines 
beinK  al^>nt  4S(K) ;  whereas  in  the  screw  the  quantitity  of 
wiit<?r  oiM'Hited  on  per  second  exceeded  7500  cubic  feet,  the 
enK"HNi  indicmting  4500  horse-power.    It  has  been  shown 
that  the  thrust  of  a  propeller  depends  upon  the  product  of 
the  quantity  of  water  operated  upon  in  a  unit  of  time,  by 
the  stomward  velocity  imparted  to  it ;  and  since  the  screw 
ban  fM>  largo  an  excess  over  the  paddle  in  the  quantity  of 
water  in  its  race,  the  waste  work  due  to  obliquity  of  action, 
screw  friction,  and  centrifugal  action  is  more  than  compen- 
sated for. 

lSnMK)th-wator  performances  are  not  the  true  test  of 
oni(*i(*noy  ;  in  a  seaway  the  screw  is  far  more  superior  to  the 
jMiddlt^  than  it  is  on  the  measured  mile.  Boiling  motions, 
which  would  seriously  affect  the  paddle,  leave  the  screw 
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almost  uninfluenced.  Pitching  oscillations  of  course  affect 
the  screw  more  than  the  paddle ;  but  if  the  screw  is  well 
immersed,  or,  still  better,  if  twin-screws  are  employed,  the 
loss  of  efficiency  on  account  of  pitching  does  not  appear  to 
be  at  all  serious  in  large  ships.  Considerable  yariations  in 
the  draught  of  water  may  also  take  place,  yet  leave  the 
screw  efficient ;  whereas  it  has  been  shown  that  this  is  not 
equally  true  of  the  paddle.  The  screw  lends  itself  much 
more  readily  than  the  paddle  to  the  association  of  steam 
with  sail  power ;  the  absence  of  projecting  paddle-boxes  is  a 
great  advantage  in  steaming  head  to  wind  and  in  general 
service ;  and,  finally,  in  W6ur-ships  the  screw  is  much  less 
exposed  to  damage  in  action.  The  most  convincing  argu- 
ment in  favour  of  the  superiority  of  the  screw  under  all 
conditions  of  service  is,  however,  to  be  found  in  the  fact 
that  it  has  almost  entirely  replaced  the  paddle  in  sea-going 
ships  of  the  mercantile  marine,  wherein  economical  pro- 
pulsion is  of  the  highest  importance. 

From  the  foregoing  considerations  it  will  appear  that  two 
conditions  are  essential  to  the  successful  application  of  screw- 
propellers  :  (1)  the  disc  area  must  be  made  large ;  (2)  the 
water  must  be  permitted  to  flow  freely  to  the  screw.  With 
a  single  screw  a  large  disc  means  a  large  diameter ;  and  the 
superior  propelling  effect  of  large  screws  is  now  so  generally 
recognised  that  it  is  unnecessary  to  say  much  in  their  favour. 
The  well-known  tricds  made  twenty  years  ago  with  her 
Majesty's  ship  Flying  Fish  proved  that  the  larger  screw,  even 
if  not  wholly  immersed,  might  still  be  used  with  advantage; 
and  since  that  time  the  largest  screws  that  could  be  employed 
conveniently  have  been  adopted.  Considerable  trim  by  the 
stem  has  also  been  given  to  many  ships,  mainly  for  the 
purpose  of  obtaining  an  extreme  draught  aft  that  would 
permit  the  use  of  a  large  well-immersed  screw.  In  many 
cases,  however,  the  draught  is  too  limited  to  permit  the 
employment  of  a  single  screw  of  sufficiently  large  diameter, 
and  then  recourse  is  had  to  twin  or  multiple  screws. 

Multiple    screws  have  not  been  used  in    many  cases. 
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nor  in  any  yessels  attaining  high  speeds.     Some  of  tlie 
shallow-draught  vessels  built  for  senrice  on  the  MissiBBippi 
during  the  American  civil  war  had  four  screws ;  but  their 
speed  was  low.    The  Russian  circular  ironclads  haTe  no  len 
than  six  screws.    In  the  Nwgarod  each  of  these  sciewB  is 
10^  feet  in  diameter;  the  aggregate  disc  area  exceeding 
500  square  feet.     No  authoritative  explanation   has  beoi 
published  of  the  considerations  which  led  to  the  choice  of 
the  number  and  diameter  of  these  propellers ;   bat  an  en- 
deavour appears  to  have  been  made  to  secure  a  collective 
disc  area  bearing  about  the  same  ratio  to  the  total  immersed 
midship  sec-tion  as  would  I. old  in  vessels  of  ordinary  form. 
The  area  of  immersed  midship  section  in  ordinary  screw-ships^ 
when  fully  immersed,  varies  from  two  to  four  times  the  disc 
area,  three  times  being  a  good  average  value  ;    in  the  Abv- 
gorod  it  is  about  2^  times  the  aggregate  disc  area.     Such 
a  large  number  of  screws,  situated  close  together,  must 
however,  have  some  prejudicial  effect  upon  each  other,  the 
race  of  any  screw  almost  certainly  being  less  defined  than  it 
would  be  if  that  screw  acted  alone.    And  further,  although 
they  are  placed  at  some  distance  abaft  the  hull  proper,  their 
position  is  such  that  they  must  produce,  when  at  work,  con- 
siderable disturbance  of  the  stream  line-motions. 

Twin-screws  were  first  used  in  shallow-draught  vessels,  but 
their  employment  has  since  been  extended  to  deep-draught 
vessels  with  very  considerable  advantage.  The  performances 
of  recent  twin-screw  ships  belonging  to  the  Eoyal  Navy  show 
that  they  ^ain  on  single-screw  ships  of  similar  size,  form, 
and  speed,  being  driven  with  a  less  expenditure  of  power. 
Taking,  for  example,  the  ratio  of  the  indicated  horse-power 

to  (displacement)^  as  an  index  of  the  relative  economy  of 
power,  which  may  be  done  without  unfairness  under  the 
conditions  stated,*  and  comparing  the  performances   of  a 

*  See  the  reinarks  on  page  486  as      ance.      Wliat  is   here  assumed    is 

^,  r  /J-    1  *\l  that  in  very  similar  vessels  the  total 

to  the  use  of  (displacement)'   as  .  .  ^ ,,.  TT    / .    .      . 

r  Ai-     e    L'      1        •  *        resistance  will  vary  as  the  frictional 

I  measure  of  the  frictional  resist-  .  r     .i.  "ivwuuw 

resistance  lor  the  same  speeds. 
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number  of  ships  when  stecuning  at  the  uniform  speed  of  14 
knots,  the  average  ratio  for  the  single-screw  ships  is  about 
17*5  against  15*5  for  the  twin-screw  ships,  or  about  11  per 
cent,  in  favour  of  the  latter. 

This  superiority  in  propelling  effect  isobtainedin  association 
with  other  important  advantages.  The  engines  and  propellers 
being  duplicated,  it  is  possible  to  make  use  of  a  middle-line 
watertight  bulkhead  (as  shown  in  Figs.  18-25,  page  30),  and 
to  greatly  increase  the  safety  of  the  ship  against  foundering. 
There  is  also  far  less  risk  of  entire  disablement  than  with  a 
single  screw ;  and,  with  either  screw  at  work,  a  twin-screw 
ship  is  not  merely  under  control,  but  able  to  make  fair  head- 
way. The  Vanguard^  for  example,  with  one  screw  steamed 
11*4  knots,  while  with  both  screws  she  attained  14*9  knots; 
and  in  many  cases  long  passages  have  been  made  by  twin- 
screw  ships,  with  a  single  screw  at  work  and  a  small  angle 
of  helm  to  keep  the  course.  So  manifold  are  the  advantages 
of  twin-screws  that  all  the  large  ships  now  building  for  the 
Royal  Navy  are  to  be  propelled  in  that  manner,  the  armed 
despatch  vessels  Iris  and  Mercury,  which  are  intended  to  have 
a  speed  of  17  or  18  knots  on  the  measured  mile,  being  among 
the  number.  Single  screws  are  now  used  only  in  cases  where 
cruising  qualities  are  of  great  importance  and  the  sail- 
power  is  good ;  it  is  then  desirable  to  lift  the  screw  when 
imder  sail  alone,  and  single  screws  are  used  chiefly  because 
no  satisfactory  plan  has  yet  been  devised  for  lifting  twin- 
screws.  In  view  of  these  facts  it  seems  a  matter  worthy  of 
the  gravest  consideration  of  merchant  ship  owners  whether 
twin-screws  might  not  be  introduced  into  ocean  steamers, 
which  now  almost  without  exception  have  single  screws,  any 
slight  accident  to  which  or  to  the  machinery  may  disable 
the  vessels  as  steamers,  and  throw  them  back  upon  their  sail- 
power.  It  has  been  objected  that  twin-screws  are  more 
exposed  to  injury  by  collision,  fouling  of  wreckage,  &c.,  than 
single  screws,  which  are  sheltered  under  the  stem ;  but  while 
there  is  undoubtedly  force  in  the  objection,  it  can  scarcely 
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be  regarded  as  a  counterbalance  to  all  tbe  adTantages 
obtainable  with  twin-screws. 

The  second  condition  essential  to  the  efficiency  of  screws  is 
that  they  shall  have  a  good  supply  of  water,  in  order  that  the 
race  may  have  its  fall  sectional  area,  and  the  whole  of  the 
propeller-disc  may  be  creating  momentum  and  exeicifiing 
thrust.  Amongst  the  more  important  circumstances  in- 
fluencing the  supply  of  water  to  the  screw  may  be  mentioned 
the  form  of  the  stem  of  the  ship,  the  distance  of  the  screw 
abaft  the  stem,  and  the  immersion  of  the  upper  blades  when 
they  are  passing  through  the  vertical  position.  If  the  screw 
is  not  sufficiently  immersed,  it  will  create  considerable  snrfeboe 
disturbance,  have  a  less  compact  and  well-defined  race,  and 
do  more  waste  work.  If  the  stem  is  bluff  or  very  full^  the 
efficiency  of  the  screw  will  be  decreased  because  the  water 
cannot  flow  freely  to  certain  parts  of  the  screw-disc,  which  are 
masked  by  the  stempost  and  body  of  the  ship.  If  the  screw 
\^  close  under  the  stem,  as  it  usually  is  in  single-screw  ships, 
it  has  to  act  at  some  disadvantage  in  the  ^  wake  *'  of  llie 
ship,  as  compared  with  what  it  would  have  to  do  if  placed 
further  astern. 

Fineness  in  the  ''  run  "  of  single-screw  steamships  is  now 
recognised  as  a  desirable  and  necessary  feature.  In  the 
earlier  periods  of  steam  propulsion,  this  was  not  so  well  nnder> 
stood,  and  in  many  of  the  bluff-stemed  vessels  of  the  Boyal 
Navy,  converted  from  sailing  into  steamships,  the  prejudicial 
effect  of  their  forms  on  the  action  of  the  screw  was  most 
marked.  One  case  alone  can  be  cited  out  of  the  many  on 
record.  The  screw-frigate  Dauntless^  built  in  1848,  was  first 
tried  with  a  full  stem,  and  her  performance  being  unsatis- 
factory,  she  was  lengthened  aft  about  10  feet,  and  made  of 
much  finer  form  in  the  run.  In  her  earlier  trials,  when  the 
displacement  was  2300  tons,  she  was  driven  at  a  speed  of  7| 
knots  with  836  horse-power  (indicated).  After  the  alteration, 
with  the  same  screw  and  nearly  the  same  displacem^it,  the 
ship  attained  a  speed  of  10  knots  with  1388  horse-power ;  but 
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had  the  form  remained  unaltered,  the  engine-power  for  that 
speed  would  have  been  at  least  1900  horse-power,  so  that 
the  alteration  of  the  stem  and  better  supply  of  water  to  the 
screw  saved  nearly  30  per  cent,  in  the  total  power  that  would 
otherwise  have  been  required,* 

Twin-screws  are  now  usually  fitted  under  each  quarter 
with  the  deadwood  between  them,  and  at  some  distance  clear 
of  the  body  of  the  ship,  the  shafts  beino^  carried  out  in 
tubes,  of  which  the  after  ends  are  supported  by  struts.  Con- 
sequently there  is  nothing  corresponding  to  the  stempost  or 
body  of  the  ship  to  prevent  the  free  flow  of  water  to  the 
screws ;  being  well  immersed,  that  supply  is  likely  to  be 
ample,  and  there  is  but  little  surface  disturbance,  the  whole 
of  the  disc  doing  useful  work  on  a  race  which  is  compact  and 
unbroken.  These  circumstances  no  doubt  help  to  make 
twin-screws  efiScient ;  besides  which  they  probably  gain  some- 
what upon  single  screws  in  creating  less  adventitious  resist- 
ance. We  are  not  aware  that  this  last-mentioned  matter 
has  been  made  a  subject  of  experiment.  But  it  is  reasonable 
to  suppose  that,  being  placed  some  distance  clear  of  the  body 
of  the  ship,  with  their  shafts  well  away  from  the  middle  line 
of  the  ship,  while  their  sweep  leaves  untouched  a  considerable 
part  of  the  streams  flowing  past  tlie  ship  near  the  region  of 
the  water-line,  the  action  of  twin-screws  will  not  cause  so 
great  an  additional  resistance  as  results  from  the  action  of 
single  screws. 

Attention  will  next  be  directed  to  the  methods  by  which, 
in  designing  a  new  ship,  an  approximation  is  made  to  the 
indicated  horse-power  required  to  propel  her  at  a  given 
speed.  It  has  already  been  stated  that  the  common  method 
is  to  proceed  by  comparison  of  the  new  design  with  existing 
ships ;  making  use  of  **  coefficients  of  performance "  based 
upon  their  trials.    Such  coefficients  are  determined  from  the 

*  In  the  History  of  Naval  Archi-'  infonnation  respecting  the  intro- 
tecture,  by  the  late  Mr.  Fincham,  duction  of  screw  propulsion  into 
will   be   found    much    interesting      the  Royal  Navy. 
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measured-mile  trials  of  all  her  Majesty's  ships,  and  the  mass 
of  valuable  information  already  recorded  is  of  the  greatest 
assistance  in  the  design  of  new  ships.  The  results  of  many 
trials  made  prior  to  1865  have  been  published  by  Mr.  Scott 
Russell  in  his  Naval  Architecture;  and  the  corresponding 
results  for  many  of  the  ironclads  since  constructed  will  be 
found  recorded  in  the  Annual  of  the  Royal  School  of  Nayal 
Architecture. 

The  Admiralty  formulae  may  be  expressed  very  simply. 
Let  D  =  displacement  of  ship  (in  tons)  at  the  draught 
of  water  on  the  trial ;  A  =  the  corresponding  area  (in  square 
feet)  of  the  immersed  midship  section ;  Y  =  speed  (in  knots) 
per  hour ;  and  P  =  indicated  horse-power.    Then 

C,  (midship  section  coeflBcient)  =  — ^        . 

Cj  (displacement  coefficient)  = ~-— . 

In  these  expreBsions  it  is  assumed — (1)  that  the  resistance 
of  tjbo  ship  will  vary  as  the  square  of  the  velocity,  and  the 
work  to  bo  done  in  propelling  her  as  the  cube;  (2)  that 
the  useful  or  proj)elling  eflfect  of  the  engines,  after  allowing 
for  the  waste  work  to  be  done  in  overcoming  frictional 
resistances,  &c.  of  the  machinery,  and  the  waste  work  of  the 
proptJler,  will  vary  as  the  indicated  horse-power :  (3)  that 
for  similar  ships  the  resistances  corresponding  to  any  assigned 
sjKH»d  will  vary  as  the  area  of  the  immersed  midship  section, 
or  the  two-thirds  power  of  the  displacement.  The  character 
of  the  last  assumption  and  the  limits  within  which  it  may  be 
applied  have  already  been  made  the  subject  of  comment  in 
the  preceding  chapter.*  As  to  the  first  assumption,  it  is  only 
necessary  to  refer  to  Chapter  XI.,  where  it  has  been  shown 
that,  so  long  lis  the  speeds  attained  do  not  exceed  the  limits 
where  wave-making  resistance  becomes  important  in  pro- 
portion to  frictional  resistance,  the  law  of  the  total  resistance 

*  Sco  page  481». 
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varying  as  the  square  of  the  speed  holds  fairly.  Beyond 
that  limit  the  law  of  variation  involves  a  higher  power  of 
the  speed.  The  second  assumption  also  appears  to  hold 
fairly  well  with  engines  of  similar  and  good  design,  and 
with  any  selected  propeller  of  good  proportions.  It  cannot, 
however,  be  applied  without  correction  when  the  propellers 
of  the  two  ships  compared  are  of  dissimilar  character — one, 
say,  a  paddle,  and  the  other  a  screw ;  nor  can  it  be  applied 
to  all  types  of  engines,  the  waste  work  being  greater  in  some 
than  in  others.  The  greater  the  similarity  in  ship,  engines, 
and  propellers,  the  greater  will  be  the  degree  of  accuracy 
possible  with  this  method  of  estimation. 

Even  with  the  foregoing  limitations,  the  coefiScients  of 
performance  furnish  a  good  means  of  comparing  the  economy 
of  propelling  power  in  ships  of  similar  form  and  proportions, 
and  not  very  different  sizes,  as  well  as  of  estimating  the 
probable  power  for  a  new  ship.  Of  the  two  coefiScients,  that 
for  the  displacement  is,  on  the  whole,  the  more  trustworthy, 
giving  a  fairer  measure  of  the  resistance  than  the  midship- 
section  coefiScient,  especially  when  dealing  with  ships  which 
are  not  of  exactly  similar  form. 

As  an  example  of  the  use  of  these  coefiScients,  take  the 
case  of  her  Majesty's  ship  BeUerojihon.  On  the  measured 
mile,  with  a  displacement  of  7369  tons,  a  midship-sectional 
area  of  1207  square  feet,  and  an  indicated  power  of  6312 
horse-power,  she  attained  a  speed  of  14*053  knots  per  hour. 

1207  X  (14-053)3 
^»  =  631:i  "^"^^^ 

(7369)^  X  (14-053)3 
^2  =  6312  -  ^^'^• 

The  ship  is  300  feet  long,  56  feet  broad,  and  had  a  mean 
draught  of  water,  on  trial,  of  24J  feet.    Hence  her 

7639  X  35 

CoefiScient  of  fineness*  =  or^r^  zr^a oTT  =  0*63. 

300  X  56  X  24^ 

•  See  page  4. 
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When  her  Majesty's  ship  Hercules  was  designed,  if  the 
perfonnances  of  the  BdUrophon  had  been  known,  the  engine- 
power  required  might  have  been  approximated  to  in  the 
following  manner.  Her  length  being  325  feet,  breadth 
59  feet,  and  mean  draught  24|  feet,  her  displacement  was 
8680  tons,  and  the  area  of  midship  section  1314  square  feet. 
For  these  dimensions — 

8680  X  35 
CoeflScient  of  fineness  =  325  x  59  X  24%  ~  ^^* 

or  nearly  the  same  as  the  fineness  of  tiie  BeHeroph/on.  It 
might  have  been  assumed  therefore  that  the  Hercules  would 
have  coefficients  of  performance  very  nearly  equal  to  those 
stated  above.  On  trial  the  vessel  attained  14*69  knots  per 
hour ;  let  this  be  taken  as  the  designed  speed,  and  let  the 
corresponding  horse-power  be  required.  Using  the  midship- 
section  coefficient  531, 

1314  X  (14-69y 
Probable  I.H.P.  = -^\ ^  =  7845  (nearly). 

Using  the  displacement  coefficient  166, 

P»Uble  W.P.  =  i252«)!|iiim'  =  8065  (ne«ly). 

The  actual  indicated  power  required  to  drive  the  Hercules  at 
the  speed  of  14*69  knots  was  rather  more  than  8520  horse- 
power, or  about  6  per  cent,  above  the  approximation  from  the 
displacement  coefficient,  and  about  9  per  cent,  above  that 
from  the  midship-section  coefficient  These  results  bear  out 
what  was  said  above  as  to  the  displacement  coefficient  being 
on  the  whole  the  more  trustworthy  ;  and  they  are  sufficiently 
close  to  the  truth  for  practical  purposes.  It  may  be  explained^ 
however,  that  the  variation  of  the  resistance  at  these  high 
speeds  for  ships  of  this  type  depends  upon  some  higher 
power  of  the  speed  than  the  square  ;  and  the  naval  architect 
would  allow  for  this  in  his  estimate,  increasing  the  power 
somewhat  above  that  given  by  the  foregoing  approximate 
method.    In  making  this  increase,  he  would  be  guided  by 
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the  recorded  performances  of  the  exemplar-ship  at  some  less 
speed  than  the  full  speed ;  nearly  all  the  vessels  of  the 
Royal  Navy  having  been  tried  at  half-boiler  power  as  well 
as  full  power.  For  example,  the  Bellerophony  steaming  at  a 
speed  of  12*15  knots,  had  a  midship-section  coeflRcient  of  543, 
and  a  displacement  coefficient  of  171,  as  against  531  and  166 
for  a  speed  of  14*05  knots,  indicating  that  the  power  required 
to  drive  the  ship  varied  with  a  higher  power  than  the  cube 
of  the  speed.  It  really  varied  between  those  speeds  as  V*'^  ; 
and  if  this  correction  is  made  for  the  Hercules  in  the  pre- 
ceding calculation,  the  probable  indicated  horse-power  will 
rise  to  8300,  or  within  2J  per  cent,  of  the  power  actually 
developed.  To  ensure  the  attainment  of  the  speed  desired, 
the  naval  architect  would  almost  certainly  provide  some 
margin  of  indicated  horse-power  above  that  to  which  the 
approximate  method  conducts. 

The  difficult  part  of  the  work  in  practice  lies  in  the 
selection  from  available  data  of  exemplar-ships  most  nearly 
resembling  the  new  design,  in  order  that  the  appropriate 
coefficients  may  be  obtained.  In  making  this  selection,  it  is 
necessary  to  compare  carefully  the  fineness  of  form,  the 
dimensions,  the  lengths  of  entrance  and  run  in  proportion  to 
the  maximum  speeds,  and  some  other  particulars  of  the  new 
ship  and  the  completed  ships ;  and  to  make  allowances  for 
greater  or  less  fineness  of  form,  differences  in  the  frictional 
resistance,  or  any  other  matter  affecting  the  speed  under 
steam.  In  the  Royal  Navy,  for  the  greater  number  of 
classes,  little  difficulty  is  experienced  in  discovering  suitable 
examples ;  but  when  entirely  new  conditions  are  introduced, 
it  is  not  possible  to  proceed  with  equal  certainty,  and  then 
it  becomes  necessary,  in  proceeding  by  this  comparative 
method,  to  allow  a  considerable  margin  of  power  and  speed. 

Take,  for  example,  the  Devasiationy  a  vessel  of  very  full 
form,  moderate  proportions  of  length  to  beam,  and  one  of 
the  earliest  deep-draught  twin-screw  ships.  It  was  esti- 
mated in  designing  this  ship  that  with  5600  horse-power 
and  a  displacement  of  9060  tons,  a  speed  of  at  least  12^ 
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knots  would  be  obtained ;  this  wonld  g^re  a  displaceDieiit 

coefficient 


5600 


C'a  ^  Tii^t\t\  ^  lol, 


On  the  measured  mile,  with  a  displacement  of  9190  tons,  the 
ship  steamed  11*91  knots  with  3400  horse-power,  the  dis- 
placement coefficient  being  218 ;  and  at  full  speed  she  lealiscd 
13-84  knots  with  6G50  horse-power,  the  corresponding  c^- 
efficient  being  175.  Had  only  the  estimated  iM>wer — 5600 
horso-iKiwer — been  realised,  the  vessel  would  have  steamed 
about  13  knots,  that  is,  about  \  knot  faster  than  the  esti- 
mat<Ml  speed.  Or,  had  she  steamed  12^  knots,  the  indicated 
horse-power  required  would  have  been  only  4O00  hoise- 
|M)W(T,  instead  of  5600  horse-power,  as  estimated. 

When  the  Devastation  had  been  tried  and  her  coefficients 
<l(tt(*nnined,  it  was  an  easy  matter  to  determine  the  appio- 
priatct  engine-power  for  the  succeeding  deep-draught  ships 
with  twin-s(»rews ;   and  the  superior  performances  of  twin 
as   compared   with   single   screws  rendered  it   possible  to 
ef^ononiise    engine-power.      This   was    done ;    and    in    the 
Alexandra,  Tenieraire,  and  other  vessels,  the  eng-ines  were 
ma<le  I(;hs  powerful  and  weighty  than  they  would  have  been 
with  single  screws.     Subsequent  trials  have  fully  justified 
this  procedure.     Take,  for  example,  the  Alexandra,    It  was 
eMtimated  tliat  8000  horse-power  would  suffice  to  drive  the 
ship  about  14  or  14^  knots,  when  fully  laden  and  weighing 
Or>00  tons.    On  the  measured  mile  the  speed  of  15  knots  was 
attained,  and  the  engines  exerted  8G00  horse-power,  600 
horM^[)ower  more  th(m  the  guaranteed  power.     When  allow- 
anco  is  nia<lo  for  this  excess  of  power,  it  appears  from  calcula- 
tion that  the  fully  laden  ship  would  have  exceeded  the  upper 
limit  of  her  intended  speed  with  8000  horse-power.   Had  she 
been  fitted  with  a  single  screw,  instead  of  twin-screws,  in  all 
probability  at  least  500  or  000  horse-power  additional  woidd 
have  been  required  to  attain  the  same  speed. 

The  seccmd  method  of  approximating  to  the  engine-power 
required  in  a  new  ship  has  already  been  mentioned;  vie 
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the  performance  of  model  experiments,  the  inference  there- 
from of  the  resistances  of  full-sized  ships,  and  the  due  pro- 
portioning of  the  effective  horse-power,  required  to  overcome 
the  resistances,  to  the  indicated  horse-power  of  the  engines.* 
Until  recently,  scarcely  any  data  were  accessible  as  to  the 
ratio  of  the  effective  to  the  indicated  power.  This  ratio,  as 
explained  in  an  earlier  part  of  the  chapter,  will  vary  ac- 
cording to  the  type  of  engine  and  kind  of  propeller  used ; 
and  until  it  has  been  determined,  the  results  of  the  model 
experiments  cannot  be  made  of  much  service,  except  in 
selecting  the  forms  and  proportions  which  minimise  resist- 
ance. The  most  important  case  is  that  for  screw  steamships, 
and  it  has  been  carefully  investigated  by  Mr.  Froude  in  a 
manner  which  leaves  nothing  to  be  desired.t  In  the  case 
of  the  Oreyhound  at  her  full  speed  of  10  knots,  the  effective 
horse-power  is  stated  to  have  been  42  per  cent,  of  the  in- 
dicated ;  and  at  a  speed  of  8  knots  it  was  35  per  cent.  In 
the  Merkara,  at  the  trial  draught  the  corresponding  per- 
centage was  42.  As  the  result  of  the  analysis  of  numerous 
examples  of  single-screw  ships,  Mr.  Froude  states  that, 
"  as  a  rule,  only  from  37  to  40  per  cent,  of  the  whole  power 
"  delivered  is  usefully  employed."  No  corresponding  analyses 
have  been  made  for  twin-screws,  paddles,  or  jets. 

A  very  useful  practical  rule  for  screw-steamers  may  be 
based  upon  this  deduction  from  experiments.  Having  found 
by  model  experiments  the  resistance  of  a  ship  at  her  intended 
maximum  speed,  and  the  corresponding  effective  horse-power, 
the  indicated  horse-power  required  to  drive  the  ship  at  that 
speed  will  be  approximately  2j^  times  the  effective  horse- 
power if  a  single  screw  is  used.  With  twin-screws,  possibly, 
the  ratio  of  the  indicated  to  the  effective  powers  would  be 
somewhat  less ;  with  paddles,  somewhat  greater ;  and  with 
jets,  as  commonly  applied,  greater  still. 


*  See  the  explaDation  given  at  "  effective  '*  and  **  indicated  "  horse- 
page  464  of  the  process  by  which  power. 

tJie  resistance  of  a  ship  may  be  t  See  vol.  xvii.  of  the  7Vaw«- 

obtained   from  that  of  a  model ;  eutions  of  the  Institution  of  Naval 

and  that  at  page  510  of  the  terms  Architects. 
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M^.V^l'    V^  *,^    J«f*4»Ty*<»  v'JU^tl    li*vn*t   Triff»   rf 

4¥mfi*^*U^i  with  th^;  M'?«u(fiiv?iiii^r&tii  of  spwdi  €r 
^Hli<r#wiiMt  «'rf'/r«  wliM'h  nn?  '#f  mruJl  moMMint  witli 
m^y  \H*t*^tftti'  tuturuifU^i  itt  [Muwin^  to  thefdll-oaed  diipi^  and 
^uty  m^hnuttly  ittft'^i  tJn?  t^^inmUm  for  the 

WlM«ri  (.Im<  |K'rformiitifv;N  of  Kir^ttinfihips  od  the 
rriHo  h»v<«  Im«'||  r<'<'or<hf<l.  if  tlK?v  hare  been  tried  «t 
ii|H><><U,  If  iH  |M»wiil;lo  tit  apply  the  method  of  oompaziiOB 
pfM|H»MM|  by  Mr.  Kroiidn,  in  liNtimating  the  probable  engine- 
pMWpr  lor  II  iM*w  <li*Mif{ii,  iukI  t^i  {Nifw  from  a  small  to  a  laige 
Hlilp,  iiimI  IVmmi  oiift  MpofMl  t(»  another,  with  greater  certainty 
ihim  \ty  fhf*  ntf^ihod  of  rcNiflicionts.  This  advantage  is 
nlilnhMxl  liy  avoiding  ihn  iiMHumption  that  the  resistance 
vnrloM  iiM  (ho  N(|uiirn  of  tho  Hpord,  and  by  making  allowance 
fur  tlif»  dinnronoff  of  hvao  hy  ohtiiining  what  Mr.  Fronde  has 
InrnuMl  "iM»rr«m|M»ndin>^  HpiMMln."  •  An  example  will  best 
oxpliiin  (ho  pmooHN:  wo  will  choose  her  Majesty's  ships 
ttv^smfi^$  find  ih'p^fhoumU  which  aw  very  similar  in  form, 
Imi(  dirt\Mvn(  in  niKo  iind  8|mmmI. 


Nh»p»  lo«^ih       Uirjitlth.      M^An  Dnajrht,  «Ts3!** 


i»'vv*f**'/»'  \^^\  ^\  l-^*  1157 


*  Sw  \hc  t\\^%x^%\>K'^  cixTTi  %y  jiwjr  4^^ 
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The  similarity  of  the  forms  will  appear  from  comparing 
the  ratios  of  the  lengths,  breadths,  draughts,  and  cube-roots 
of  the  displacements.  Using  the  letter  D  to  express  this 
ratio,  we  have. 


D  =    V86Z6  ^  1.957 
V  n.W 


1157 
VB  =  \/F957  =  1-4  (nearly). 

On  trial,  the  HerculeB  attained  a  speed  of  14*69  knots. 

Corresponding  speed )      14*69     14*69     ,  ^  ^  ,      ,    , 
for  Qreyhmnf  .  1=  ^^  =  TT^^^'^  ^""^  (°«"^y)' 

On  trial,  the  Oreyhound  attained  a  maximum  speed  of 
10*04  knots  with  786  indicated  horse-power ;  at  that  speed 
her  resistance  was  varying  about  as  the  cube  of  the  velocity, 
and  therefore  the  horse-power  would  vary  as  the  fourth  power. 
Hence 

Indicated  horse-power  for  I  _  „q^      /  10-5  V  —940  h  P 
speed  of  10-5  knots     .  J  ""  V10*04y 

The  thrust  of  the  propeller  in  the  Oreyhoimd  at  10*5  knots 
might  therefore  be  considered  proportional  to  the  quotient 
940  4-10*5;  if  for  the  Herctdes  at  14*69  knots  a  correspond- 
ing assumption  is  made,  and  the  thrust  considered  to  be 
proportional  to  the  quotient  of  the  required  indicated 
horse-power  (P,  say)  -f- 14*69.  In  both  ships  the  engines 
would  be  working  at  full  speed ;  and  for  our  present  purpose 
it  may  be  assumed  that  the  thrusts  would  be  proportioned 
to  the  resistances  of  the  two  ships.  Using  the  law  of  com- 
parison proposed  by  Mr.  Froude, 

(resistance      for     Grey- 
Resistance  for  Herculesi  ^^        v  ^  |     hotmd  at  10*5  knots 
at  14*69  knots   .      .1         „f.         (resistance     for     Ghrey- 

"  I     hotmd  at  105  knots. 

Hence,  approximately, 

2  N  2 
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I.aR  for  Hercules  at  1469  knots _7'5  x  940 

14-69  "       105     ' 

I.H.P.  for  Hercules  at  14*69  knots  =  9870  horse-power. 

This  power  is  largely  in  excess  of  that  actually  developed  in 
the  Hercules,  when  she  attained  the  speed  of  14*69  knots ; 
but  it  must  be  remembered  that  in  the  calculation  the  same 
coefficient  of  friction  has  been  assumed  for  the  Hercules  as 
for  the  Oreyhoumd ;  whereas  the  Hercules  was  tried  with  a 
cleanly  coated  iron  bottom,  and  the  Oreyhound  with  a 
coppered  bottom  deteriorated  by  age.  A  correction  is 
therefore  necessary,  and  it  may  be  simply  made. 

Mr.  Froude  estimated  that  for  a  speed  of  600  feet  per 
minute  the  coefficient  of  friction  for  the  bottom  of  the 
Oreyhound  was  about  0*325  lb.  per  square  foot  of  surface,  as 
against  0*25  lb.  for  a  cleanly  painted  iron  bottom ;  and  this 
difference  would  involve  an  increase  of  between  one-severUh 
and  one-eighth  in  the  total  resistance  and  indicated  horse- 
power for  the  speed  of  10*5  knots.  In  other  words,  if  the 
Oreyhoundy  instead  of  being  tried  with  her  worn  copper,  had 
been  tried  with  a  cleanlv  coated  iron  bottom  like  that  of 
the  Hercules,  the  speed  of  10*5  knots  would  have  been 
attained  with  about  830  horse-power,  instead  of  940  horse- 
power. Making  this  correction  in  the  foregoing  equation, 
we  have,  approximately, 

I.H.P.  for  Hercules  at  1469  knots  = =-7r^ 

=  8715  horse-power. 

This  is  a  close  approximation  to  the  actual  power  (8529  horse- 
power) which  was  developed  on  the  measured-mile  trial  of  the 
Hercules ;  and  although  the  same  degree  of  accuracy  may 
not  always  be  secured  in  estimates  made  in  this  manner,  the 
principal  steps  in  the  process  will  resemble  those  illustrated 
in  the  foregoing  example. 

In  the  design  of  all  steamships  economical  propulsion  is 
an  important  object.    In  war-ships  it  is  seldom  the  governing 
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condition,  whereas  in  merchant  ships  it  generally  occupies 
the  first  place.  It  is  unnecessary  to  repeat  what  has  already 
been  said  respecting  the  contrast  between  mercantile  and 
fighting  ships;*  but  it  may  be  advantageous  to  summarise 
the  circumstances  which  chiefly  influence  economy  of  steam- 
power. 

First,  and  most  influential,  is  the  adoption  of  forms  and 
proportions  which  lead  to  diminished  resistcmce.  Examples 
of  the  remarkable  effects  produced  by  increasing  the  length, 
the  proportion  of  length  to  breadth,  and  the  fineness  of  form, 
were  given  in  Chapter  XI.  To  these  may  now  be  added  a 
few  others,  as  the  subject  possesses  considerable  interest. 
The  largest  Transatlantic  mail  steamers  are  about  equal  in 
weight  to  the  largest  ironclad  frigates  of  the  Royal  Navy ; 
and  the  measured-mile  speeds  of  the  two  classes  are  not 
very  different,  being  from  14  to  15  knots.  In  the  mail 
steamers  the  length  is  from  9  to  11  times  the  beam;  in 
the  earlier  ironclad  frigates,  such  as  the  Warrior  and 
Minotaur,  it  is  from  (5^  to  GJ  times ;  in  the  later  ironclad 
frigates,  such  as  the  Hercules  and  Alexandra,  from  5  to  5j^ 
times.  For  our  present  purpose  it  will  be  sufficient  to  com- 
pare the  indicated  horse-power  with  the  total  weights 
driven;  if  this  mode  be  followed,  the  vessels  compare 
as  under : — 

H.P. 
Transatlantic  steamer    .        0*5        per  ton  of  displacement ; 
Earlier  ironclad  frigates    0*6  to  0*7       „  „  „ 

Later        „  „       .  09  to  1  „  „  „ 

These  are  average  values  for  the  different  classes ;  and  they 
illustrate  the  considerably  increased  expenditure  of  power 
rendered  necessary  in  the  recent  ironclads  by  reason  of  their 
moderate  length  and  proportions. 

To  compare  only  the  performances  under  steam  of  these 
various  classes,  and  not  to  have  regard  to  their  contrasts  in 
other  respects,  would  be  very  misleading.    The  merchant 

*  See  page  454. 
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steamer  is  built  for  remimerative  service  in  carrying  cargo 
and  passengers ;  handiness,  or  quick  turning,  is  of  minor 
importance.  In  a  modem  war-ship,  on  the  contrary,  handi- 
ness  is  of  the  utmost  importance,  and  to  secure  this  quality, 
moderate  length  is  needed.  Adopting  the  moderate 
length,  and  being  limited  in  draught,  the  displacement 
required  has  been  obtained  by  greater  beam  and  fulness 
of  form,  which  cause  greater  resistance.  But  the  price 
paid  for  increased  manoeuvring  power  under  steam  might 
not  be  too  high,  even  if  it  were  wholly  additional  to  the 
cost  of  the  long  ship.  In  ironclad  ships,  however,  this 
is  not  the  case;  but  reckoning  the  total  cost  of  hull  and 
engines,  the  shorter  type  of  ship  can  be  made  smaller 
and  cheaper  than  a  ship  of  the  longer  type  fulfilling  the 
same  conditions  as  to  speed,  armour,  armament,  and  coal 
endurance. 

This  question  was  very  exhaustively  discussed  by  Mr.  Beed 
when  Chief  Constructor  of  the  Navy,  in  order  to  justify  his 
policy  in  passing  from  the  Warrior  and  Minotaur  types  to 
the  moderate  proportions  of  the  Bellerophon  and  Hercules* 
From  the  many  illustrative  cases  adduced  by  Mr.  Reed,  we 
will  select  one  which  seems  to  have  peculiar  interest.  Taking 
the  ironclad  frigate  Hercuies,  of  which  all  the  particulars 
and  performances  were  known,  Mr.  Beed  proceeded  to  de- 
termine the  dimensions  and  cost  of  a  vessel  which  should 
have  the  same  battery  and  guns,  the  same  armour  pro- 
tection on  the  water-line  belt,  the  same  speed  and  coal 
supply,  and  which  should  be  constructed  on  the  same 
system  as  the  Hercules ;  the  proportion  of  length  to  breadth 
and  the  coefScients  of  performance  imder  steam  were^ 
however,  to  be  identical  with  those  for  the  Minotaur. 
The  following  tabular  statement  shows  the  residt  of  careful 
calculations : — 


*  See  a  paper  contributed  to  tbe  Transactions  of  the  Royal  Society  in 
1868,  and  chap.  ix.  of  Our  Ironclad  Ships. 
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Particulars. 


New  Ship 
(as  estimated). 


Hercules. 


Length  (in  feet) 

Breadth  (in  feet) 

Displacement  (tons^ 

Weight  (in  tons)  oi— 

Hnll 

Armour  and  backing  on  belt 

„        „        „        on  batteries    .     . 

Engines,  boilers,  and  coals    .... 

Equipment  and  armament    .... 
Indicated  horse-power  for  speed  of  14*69 

knots 

First  cost  of— 

Hull     .  )  at  average  prices  for  ironclads 

Engines  f     built  prior  to  1869  . 


385 

^^ 
9088 

4574 
1518 
398 
1460 
1138 

6585 

£ 
326,500 
55,500 


325 

59 
8676 

4022 
1292 
398 
1826 
1138 

8529 

£ 
287,400 
72,000 


After  crediting  the  long  ship  with  less  powerful  and  costly 
engines,  it  appears,  therefore,  that  the  total  cost  of  the 
Hercules  for  hull  and  engines  would  be  about  £22,000  less. 
The  more  powerful  engines  of  the  Hercules  would  undoubtedly 
be  more  expensive  to  keep  at  work,  owing  to  their  greater 
consumption  of  fuel ;  but,  as  Mr.  Beed  remarks,  ^'  the  interest 
"  at  a  low  rate  on  the  difference  of  prime  cost  would  quite 
''  make  up  for  the  additional  cost  of  fuel  in  the  fisrct^^d,  sup- 
"  posing  her  to  be  in  commission  and  on  general  service." 
The  longer  and  larger  ship,  moreover,  would  be  more  costly 
to  man  and  maintain  in  repair ;  but  her  most  serious  draw- 
back would  be  her  slow  rate  of  turning  as  compared  with 
the  Hercules.  On  her  trials  at  the  measured  mile  the  Hercules 
turned  a  complete  circle  in  4  minutes,  the  diameter  being 
about  560  yards,  or  rather  more  than  five  times  her  own 
length.  What  the  corresponding  figures  for  the  new  ship 
would  be  with  equal  rudder-power,  it  is  not  easy  to  decide 
apart  from  trial ;  but  it  is  worth  notice  that  the  WarrioTy  a 
ship  of  equal  length,  occupied  from  7  to  8  minutes  in  turning 
a  circle  of  750  yards  in  diameter.  The  contrast  needs  no 
further  comment ;  it  is  generally  admitted  that  very  great 
advantages  are  obtained  by  adopting  moderate  proportions 
and  accepting  the  greater  expenditure  of  steam-power. 


;>  -  y>^j:  AJtcsrTL.m3z, 


A**?*   "-'■*-    i*  /^  ".u*:   »-f^^:ic  ^L  vac 

wntf'\kf\  'A  *'/\*Vki  k]^:fA  yet  di^igs«d;  but  br  finiBg  the 
i'tif*'ttnUf:n  it  ii  <;Z(j^;t^  thut  her  perfoimaiiee  vill  be 
t$i'Ht\y  vU'uiu'M\  with  tFiitt  of  other  Te9»rl«  of  leoent  design 
with  riitj/;fi  //f  \€zuy^\i  Vt  breadth  of  5  or  5^  to  1.  Eren  if 
till*  vniih  cjittM  utA  \ni  fc^rcured,  it  would,  however,  stiU 
\m  d^'nirHbh;  Vt  arlopt  the  ^rreat  proportionate  beam  for  the 

ill  tho  iroriclfMl  n'f^mHtniction,  as  armour  has  been  thick- 
i*n<M|,  tlif  ratio  of  lien^th  trj  breadth  has  been  reduced;  and 
iMi  fur  fiN  ilif^  Itoyal  Nuvy  is  concerned,  there  is  no  reason  to 
Mii|f|K>iM>  tlifii  unythin^  but  advantage  has  resulted  from  the 
(*liiinf{<*.  li  {"^  |>oHHil>I<%  however,  that  the  resistance  at  the 
lii^li  MpfMulNof  14  or  1/)  knotH,  considered  necessary  in  battle- 
Mlii|iNp  would  l)oc()ni(t  HO  f^n^at  in  vessels  having  extremely 
liir^f»  riiiioN  of  hrnadth  to  length  as  to  make  it  impolitic  to 
itdopi  NU(*li  proportioim.  The  extreme  case  of  the  Russian 
oinMihir  iroiirhidH  will  enable  fuller  explanations  to  be  given 
on  tliiN  point;  and  tlio  extraordinary  character  of  these 
Vf^NHolH  will  iip|M'ar  fntni  the  following  brief  statement. 

*rhe  vi*Ht»t>U  wen^  originally  designed  for  coast  defence 
Ht^rvieeN  in  the  shallow  waters  of  the  Black  Sea;  it  wms 
dt^Ainnl  tluit  tliev  should  carry  thick  armour  and  hearv 
KUU«;  and  the  oireular  form  was  chosen  becaose  it  gave 
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the  least  surface  and  the  greatest  carrying  power  in  propor- 
tion to  the  displacement.  It  may  be  admitted  that,  if  these 
vessels  had  been  stationary  floating  forts^  this  view  of  the 
matter  would  have  been  correct;  in  the  completed  ships 
the  hull  is  said  to  weigh  only  about  one-jifih  of  the  dis- 
placementy  whereas  in  vessels  like  the  Devastatum  about  30 
or  35  per  cent,  of  the  displacement  is  expended  on  the  hull. 
But  when  from  mere  stationary  flotation  we  pass  to  the  case 
of  locomotion,  even  at  moderate  speeds,  the  conditions  are 
far  less  favourable  to  the  circular  form.  It  is  admitted  as  the 
result  of  careful  experiments  made  by  Mr.  Froude,  and  con- 
firmed by  the  performances  of  the  Novgorod,  that  a  circular 
ship  experiences  Ahont  jive  times  as  great  resistance  as  a  ship 
like  the  Inflexible  or  Devastation  moving  at  equal  speed.  Let 
it  be  supposed  that  a  circular  ship  is  required  to  be  built  to 
steam  as  fast  and  as  far  as  the  Devastation,  and  to  carry  the 
same  dead-weight  of  armour,  guns,  &c.,  exclusive  of  engines 
and  coals.  The  same  type  of  engine  is  to  be  used  in  both 
cases,  and  the  rate  of  coal  consumption  is  to  be  identical 
in  both.  Taking  the  Parlisunentary  Return  for  the  Devas' 
tation,  it  appears  that  the  following  is  the  distribution  of 
weights : — 

Engines  (developing  6600  horse-power)  .  1000  tons. 

Coals 1350    „ 

Hull 2880    „ 

Dead-weight  carried 4070     „ 

Total  displacement       .      .  9300  tons. 

The  engines  of  the  Devastation  are  of  the  surface-con- 
denser type,  which  preceded  the  compound  principle  now 
generally  adopted;  and  they  consume  about  3|  lbs.  of 
coal  per  indicated  horse-power  per  hour.  Had  they  been 
of  the  compound  type,  about  900  tons  of  coal  would 
have  sufficed  to  carry  the  ship  as  far  as  she  can  steam 
with  her  present  engines,  and  the  engines  would  have  been 
250  tons  heavier     Suppose,  therefore,  that  the  total  weight 
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of  engines  and  coals  remain  as  in  the  actual  ship,  the  coals 
carried  being  1100  tons,  and  weight  of  engines  being  1250 
tons ;  we  shall  have  brought  the  Devadatian  to  the  conditions 
of  present  practice.  What  would  be  the  dimensions  of  the 
corresponding  circular  ship?  is  the  question  to  be  solyed. 
Using  the  data  furnished  by  Lieut.  Goulaeff,  of  the  Russian 
navy,*  who  argues  strongly  in  favour  of  the  novel  type,  it 
appears  that  the  displacement  of  a  circular  vessel  carrjring 
4070  tons  dead-weight,  exclusive  of  engines  and  coals,  and 
steaming  as  fast  and  as  far  as  the  DevasUUion,  would  be 
at  least  20,200  tons.  The  weights  would  be  distributed 
somewhat  as  follows : — 

Engines  (developing  about  34,000  horse-power)  6,430  tons. 

Coals  (to  steam  6|  days  at  fall  speed)       .     .  5,700    „ 

Hull  (20  per  cent,  of  displacement)     .      .      .  4,000    „ 

Dead-weight  (as  in  DevastcUion)     ....  4,070    „ 

Total  displacement        .      .  20,200  tons. 

K  the  proportions  of  the  existing  ships  were  followed,  this 
vessel  would  be  about  230  feet  in  diameter  and  19J  feet 
draught.  The  circumference  at  the  water-line  would  be 
about  720  feet ;  whereas  the  total  length  of  the  water-line 
requiring  to  be  armoured  in  the  Devastation  would  not  exceed 
640  feet ;  and  consequently  an  armour  belt  of  equal  depth 
and  thickness  on  the  two  ships  would  weigh  about  one- 
eighth  more  for  the  circular  ship  than  for  the  Devastation, 
The  deck  area  of  the  circular  ship  would  be  about  41,000 
square  feet ;  the  corresponding  area  in  the  Devastation  would 
not  exceed  one-third  that  for  the  circular  ship ;  and  here, 
for  equal  protection,  the  Devastation  would  be  at  a  great 
advantage.  On  the  upper  and  breastwork  decks  of  the 
Devastation,  the  mean  thickness  of  the  plating  may  be  taken 
at  2^  inches ;  the  total  weight  as  about  500  tons.    On  the 


*  Id  a  paper  published  in  the  TranMctions  of  the  Institution  of  Naval 
Architects  for  1876. 
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circular  ship,  2J-inch  plating  over  the  whole  area  of  the 
deck  would  weigh  about  1600  tons. 

It  is  needless  to  pursue  this  investigation  further,  for  no 
one  is  likely  to  contemplate  the  construction  of  a  vessel 
nearly  twice  as  heavy  as  the  heaviest  existing  ships,  when 
it  can  be  shown  that  in  every  respect  the  circular  form 
compares  disadvantageously  with  other  existing  types. 
Moreover,  it  has  yet  to  be  proved  that  vessels  of  the  circular 
form  can  be  driven  at  such  speeds  as  14  knots,  without 
serious  departures  from  the  normal  trim  and  draught.  Mr. 
Froude  has  stated,  as  the  result  of  experiments  with  circular 
models,  that,  as  the  speed  is  increased,  the  vessels  "  dive  " 
below  their  normal  draught ;  and  this  circumstance  deserves 
careful  consideration  in  discussion  of  the  merits  of  such  ships. 
The  existing  ships  are  reported  to  have  made  very  low  speeds, 
from  7  to  10  knots,  although  they  have  a  very  large  amoimt 
of  engine-power  in  proportion  to  their  displacement.  The 
Novgorod,  for  example,  had  engines  of  480  nominal  horse- 
power, said  to  develop  about  2200  horse-power  (indicated)  ; 
her  displacement  is  2490  tons ;  and  the  speed  about  7^  knots. 
Contrasting  this  with  the  performance  of  the  monitor 
Abyssinia,  which,  with  a  displacement  of  2800  tons,  was 
driven  7 J  knots  by  560  indicated  horse-power,  the  reader  will 
obtain  another  proof  of  the  extravagant  expenditure  of  power 
required  in  the  circular  ships.  For  their  special  purpose 
they  may  be  exceedingly  well  adapted,  but  they  cannot  be 
regarded  as  models  for  general  service.  At  the  same  time, 
the  information  derived  from  their  performances  is  most 
valuable  and  instructive. 

Economical  propulsion  for  any  selected  type  is  favoured 
by  increase  in  the  sizes  of  ships.  This  is  true  generally ;  but 
before  taking  the  general  case,  it  may  be  well  to  take  the 
particular  case  where  the  resistance  varies  as  the  square  of 
the  speed.  Suppose  two  similar  ships  to  be  compared,  the 
weight  of  one  being  Wi  and  that  of  the  other  Wa ;  let  D  be 
the  ratio  which  the  length,  or  any  other  dimension,  in  the 
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law  holds  yery  closely  in  these  ships.  If  these  yessels  were 
fitted  with  compound  engines,  and  employed  on  a  service 
where  they  would  have  to  steam  3000  knots  at  full  power, 
their  weights  would  be  distributed  somewhat  as  follows : — 


Distribntion  of  Weights. 

Steamer  A. 

Steamer  B. 

Weight  of  engines,  &c.       .     . 

,y                11     OOttlo                 •              •              .              • 
»                »>      hall 

„      „  cargo  and  equipment 
DisplRcement 

Tods. 
320 
300 
550 

Tods. 
480 
540 

1240 

1230 
600 

2260 
1400 

1830 

36G0 

The  expenditure  of  360  tons  of  coal  in  the  smaller  vessel 
would  carry  only  600  tons  of  cargo  and  equipment  over  the 
distance  named ;  adding  50  per  cent,  to  this  expenditure,  the 
larger  ship  can  carry  more  than  twice  as  much  cargo  and 
equipment.  This  comparison,  of  course,  takes  no  account 
of  the  relative  first  cost  of  the  two  vessels. 

Irrespective  of  any  assumed  law  of  resistance,  it  is  possible 
in  general  terms  to  indicate  the  economy  of  propulsion 
obtained  by  increase  in  size.  Using  the  same  notation  as 
before,  let  the  two  ships  compared  be  supposed  moving 
at  the  speed  V,  their  resistances  being  Ei  and  Ej.     Let  R 

be  the  resistance  of  the  smaller  vessel  when  moving  at  the 

y 

speed  — _  ;  and  let  it  be  supposed  that  between  this  speed 

\/D 
and  the  speed  V  the  resistance  varies  with  some  unknown 
power  (2n)  of  the  speed.     Then 


R 


=  (—T 


V  rni ^FT- ;  whence  R  =  _ . 


Also,  by  the  law  of  comparison  which   Mr.   Froude  has 
established. 

El  (for  large  ship)  =  IF  x  R  =  I>'-- .  R2, 

^  ^a-  IF-"  • 
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and,  as  before, 

W,  (for  large  ship)  =  D^ .  W„ 

SO  that  finally,  for  equal  speeds  of  two  similar  ships, 

J^    W,  _  Ri         a       l^ 

The  greater  the  value  of  n  for  a  certain  value  of  D,  the  less 

will  be  the  ratio  f  t  j  measuring  the  ratio  of  the  increased 

resistance,  involved  in  enlarging  the  ship,  to  the  correspond- 
ing increase  in  displacement  and  carrying  power.    If  the 

y 
resistance  between  the  speeds  Y  and varies  as  the  savare 

of  the  speed,  n  =  l,  and  the  final  equation  assumes  the  form 

agreeing  with  that  previously  obtained  for  the  law  of  varia- 
tion.   But  if  the  resistance  between  the  speeds  V  and 


\/5 

varied  as  the/owr^A  power  of  the  speed,  then  n  =  2,  and  we  have 

The  comparison  of  the  MerJcara  and  Qreyhound  types  will 
enable  this  contrast  to  be  made  more  evident.  At  12  knots, 
for  the  MerJcarUy  n  may  be  taken  as  unUy,  and  for  the 
Oreyhound  as  2  nearly ;  in  both  ships  Ej  =  20,000  lbs. 
Suppose  both  vessels  to  have  their  lengths  and  other  dimen- 
sions increased  by  one-third ;  then  D  =  1  J.  The  MerJcara  has 
a  displacement  of  3980  tons ;  the  Oreyhound  one  of  1160 
tons;  the  enlarged  Merkara  would  weigh  9430  tons,  the 
enlarged  Oreyhound  about  2750  tons. 

For  enlarged  MerTcara,  R,  =  20,000  x  (g  Y  =  35,555  lbs. 

4 
For  enlarged  Oreyhound,  Ri  =  20,000  X  ^  =  26,666  lbs. 

o 
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The  Oreyhound  type,  therefore,  gains  more  in  economy 
of  propulsion  by  enlargement  than  does  the  Merkara ; 
although  the  latter  type  benefits  considerably  by  the  same 
process,  and  would  have  much  greater  carrying  power  in 
proportion  to  the  expenditure  of  fuel  as  the  size  increased. 

To  the  foregoing  considerations,  which  have  had  regard 
only  to  smooth-water  performances,  it  is  necessary  to  add  one 
remark.  In  ocean  steaming,  the  larger,  heayier  ship  is  far 
more  likely  to  maintain  her  speed  imder  varying  circum- 
stances of  wind  and  sea  than  is  the  smaller  vessel.  These 
two  sources  of  gain  in  larger  ships  fully  explain  the  general 
adoption  of  the  policy  which  has  resulted  in  very  large 
increase  of  the  sizes  of  ocean  steamers. 

Experience  has  fully  confirmed  the  advantage  of  these 
changes.  In  view  of  the  facts  stated  at  page  348,  it  may  be 
questioned  whether  in  some  of  the  longest  and  largest  vessels 
the  structural  strength  might  not  be  increased  with  advan- 
tage. Such  an  increase  would  involve  either  the  adoption  of 
improved  systems  of  construction,  such  as  have  been  sketched 
in  preceding  chapters,  or  additions  to  the  weight  of  hull,  if 
the  structural  strength  is  to  be  made  as  great  in  pro- 
portion to  the  strains  as  it  is  in  smaller  ships.  If  equally 
good  systems  of  construction  were  adopted  in  tWo  vessels, 
and  equal  strength  secured  in  proportion  to  the  strains,  then 
the  longer,  larger  vessel  might  require  to  have  a  heavier  hull 
in  proportion  to  the  displacement.  I'his  increase  in  the 
weight  of  hull  would  have  to  be  set  against  the  saving  on 
the  propelling  apparatus  and  coals ;  but  it  is  difficult  to 
decide  upon  the  limits  in  the  ratio  of  length  to  breadth  and 
depth  for  which  the  increase  on  hull  more  than  counter- 
balances the  saving  on  engines  and  coal.  Attempts  have 
been  made  to  solve  this  problem  ;  but  no  effect  on  practice 
has  yet  been  produced  by  these  investigations.*  The  largest 
merchant  steamers  yet  constructed,  except  the  OrecU  Eastern, 


*  See  a  paper  by  Mr.  Fronde,  "  On  Usefnl  Displacement,'*  in  vol.  xv.  of 
the  Transactionn  of  the  Institntion  of  Naval  Architects. 
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are  framed  on  the  transyerse  system,  and  have  hulls  which 
are  very  light  in  proportion  to  the  displacement ;  yet  they 
can  be  made  capable  of  withstanding  all  the  strains  of  serrice 
at  sea.  And  experience  with  the  ironclads  shows  that,  if 
desired,  a  comparatiyely  small  addition  to  the  weight  of 
hull,  associated  with  the  adoption  of  the  longitudinal  system 
of  framing  in  merchant  ships,  would  give  ample  structujal 
strength,  and  leave  the  larger  ships  far  more  remunerative 
and  economical  of  steam-power  than  smaller  ships  could  be. 
As  an  example,  take  the  ^erhiTa  and  the  enlarged  vessel 
of  her  proportions.  If  1600  horse-power  was  required  to 
drive  the  former  at  12  knots,  about  2800  horse-power  would 
be  required  for  the  latter ;  and  for  voyages  of  equal  length 
at  that  speed,  the  coals  burnt  would  have  to  bear  the  ratio  of 
the  horse-powers.  Take  400  tons  for  the  weight  of  engines,  &c. 
for  the  smaller  ship ;  then  700  tons  will  be  about  the  corre- 
sponding weight  for  the  larger  ship;  if  the  Merkara  be 
credited  with  a  coal  supply  of  500  tons,  the  larger  ship 
should  carry  about  880  tons.  Suppose  further  that  in  the 
Merkara  the  hull  weighs  33  per  cent,  of  the  displacement,  as 
is  common  in  merchant  ships ;  whereas  in  the  larger  ship  it 
is  increased  to  40  per  cent.  Then  in  the  Merkara  there  will 
remain  1800  tons  available  for  cargo  and  equipment,  which 
can  be  propelled  over  a  certain  distance  by  an  expenditure  of 
500  tons  of  coal ;  as  against  4100  tons  in  the  large  ship, 
which  requires  an  expenditure  of  less  than  900  tons  of  coal 
for  an  equal  distance. 

Side  by  side  with  the  development  of  the  sizes  and 
speeds  of  ocean  steamers,  there  has  recently  been  progressing 
the  construction  of  a  class  of  very  small  vessels,  possessing  re- 
markably high  speeds — the  so-called  "swift  steam-launches" 
and  torpedo-boats.  Vessels  of  from  50  to  100  feet  in  length 
have  been  driven  at  speeds  of  from  16  to  20  knots  per  hour 
in  smooth  water,  considerably  exceeding  the  measured-mile 
speeds  of  the  fastest  sea-going  ships.  It  is  important  to 
investigate  the  conditions  under  which  these  notable  results 
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are  obtained ;  and  fortunately  there  is  on  record  a  complete 
set  of  the  observations  made  by  an  independent  observer  on 
the  performances  of  a  very  successful  launch,  the  Miranda.* 
This  little  vessel  is  45^  feet  long  at  the  water-line,  5| 
feet  broad,  and  had  an  extreme  draught  on  trial  of  2\  feet. 
Her  total  weight  on  trial  was  ^|  tons ;  and  she  attained  a 
speed  exceeding  16  knots  per  hour,  when  her  engines  de- 
veloped about  58  horse-power.  According  to  the  principles 
explaiued  in  Chapter  XI.  the  joint  lengths  of  entrance  and 
nin  required  to  prevent  the  inordinate  growth  of  wave-making 
resistance  at  this  speed  would  be  about  260  feet,  or  nearly 
six  times  as  great  as  the  total  length  of  the  launch.  Hence 
it  might  be  anticipated  that  a  very  great  proportionate 
expenditure  of  power  would  be  required  to  drive  so  small 
a  vessel  at  that  speed ;  and  this  is  actually  the  case,  as  the 
following  table  will  show : — 


Ship. 


*-  { fC£^"* 


Screw    .  Miranda 


Yieioria  and  AlbeH 


Fe*4. 
337 
270 
300 
250 
46i 


I>i8placo- 

IndicAtod 

Speed. 

moiit  on 

H<)r«!H'- 

Trial. 

powor. 

'    KnotK. 

Toils. 

16*5 

5328 

7361 

16-1 

3060 

4532 

16-8 

2000 

2980 

16-1 

1U13 

2101 

16*2 

3-73 

58 

Indicated 

H«)r>k'-powcr 

per  Ton  of 

I)i.»pluc(>nient. 


1-38 
1*48 
1*49 
208 
16*65 


Careful  observations  were  made  of  the  surface  disturbance 
which  accompanied  the  rapid  motion  of  the  launch,  and  they 
appear  to  show  that  this  disturbance  was  altogether  different 
in  its  character  from  that  produced  by  large  ships  moving  at 
equal  speeds.  The  trim  of  the  boat  altered  so  considerably, 
the  bow  rising  relatively  to  the  stern,  that  her  conditions  of 
resistance,  apart  from  the  surface  disturbance,  must  have  been 


♦  See  Mr.  Bram well's  valuable 
paper  in  vol.  xiii.  of  the  Trans- 
actions of  the  iDstitution  of  Naval 
Architects.  For  mach  information 
respecting  later  vessels  of  the  class 


designed  for  using  tor|x?does,  sec  a 
paper  read  Ixjforo  the  Uoyal  Uniteil 
Service  Institution  in  May  1877, 
by  Mr.  Donahlson. 
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greatly  affected.  It  is  to  be  noted  that  the  coefficient  of 
fineness  of  the  launch,  in  terms  of  the  circumscribingparallelo- 
gram^is  about  30  per  cent,  only,  or  about  one-third  less  than 
that  of  the  finest  sea-going  ships ;  a  circumstance  which  tells 
considerably  in  favour  of  the  boat.  The  screw-propeller  is 
also  placed  abaft  the  rudder  in  order  to  increase  its 
efficiency. 

The  exceptional  character  of  these  vessels  appears  more 
clearly  when  the  distribution  of  the  weights  is  considered. 
Out  of  the  total  weight  of  74J  cwt,  no  less  than  40^  cwt. 
is  devoted  to  engines,  boilers,  shafting,  propeller,  &c.  in  the 
Mircmda;  and  less  than  one-half  of  the  displacement  is 
devoted  to  the  hull  and  all  the  equipment.  Placing  the 
various  particulars  for  the  Miranda  and  Inconstant  class 
opposite  each  other,  and  expressing  them  as  percentages  of 
the  displacement,  the  radical  differences  show  themselves 
more  clearly. 


Distribution  of  Weight. 


Engines,  boilers,  &c 

Coal  supply 

Remaining  weights  of  hull  and  equipment 


Miranda, 


Per  cent. 

54 

4 

42 


Inconstant 
Class. 


Percent. 

19 
11 
70 


The  published  particulars  for  the  launch  do  not  enable  the 
weight  of  hull  to  be  given  separately  ;  but  it  is  built  wholly 
of  steel,  the  plating  being  only  \  inch  and  ^  inch  thick, 
and  is  therefore  very  light  indeed. 

The  Inconstant  class  has  an  exceptionally  large  percentage 
of  the  displacement  devoted  to  the  machinery ;  but  in  the 
steam-launch  the  corresponding  percentage  is  nearly  thrice 
as  large.  The  coal  supply  of  the  launch  is,  on  the  other 
hand,  very  small  in  proportion  to  that  of  sea-going  ships ;  and 
the  equipment  of  the  launch,  of  course,  bears  no  comparison 
to  that  of  ships.  On  the  whole,  therefore,  such  a  distribution 
of  the  weights  as  is  effected  in  the  launch  could  not  be 
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carried  out  in  sea-going  steamers ;  the  hulls  would  probably 
be  proportionately  heavier,  the  coal  supply  and  equipment 
must  be  greater,  and  the  proportionate  expenditure  of  weight 
on  the  engines  would  have  to  be  reduced. 

It  is,  however,  in  the  development  of  power  in  proportion 
to  the  weight  of  machinery  that  these  little  vessels  compare 
most  favourably  with  full-sized  ships.  In  the  JlftVanda,  40^ 
cwt.  of  engine,  &c.  developed  71*6  horse-power ;  or  one  horse- 
power for  0*56  cwt,  as  against  one  horse-power  for  2J  to 
4  cwt.  in  good  marine  engines  of  great  power.  The  remark- 
able difference  is  worthy  of  the  careful  study  of  marine 
engineers,  who  may  find  it  possible  to  produce  machinery 
which  shall  be  capable  of  developing  greater  power  in 
proportion  to  its  weight  than  any  yet  used  in  sea-going  ships, 
and  which  shall  prove  durable,  as  well  as  economical  in  coal 
consumption.  In  the  steam-launches  the  locomotive  type  of 
boiler  has  been  employed ;  and  there  are  undoubted  diffi- 
culties in  securing  similar  lightness  in  engines  of  the  enor- 
mous powers  required  in  large  ships.  But  if  the  marine 
engineer  can  make  any  progress  in  this  direction,  he  will 
greatly  assist  the  naval  architect  in  the  endeavour  to  produce 
vessels  of  moderate  size  and  great  speed. 

Even  if  such  results  should  be  obtained,  they  will  in  no  way 
affect  the  force  of  the  previous  argument  in  favour  of  the 
economy  of  power  in  large  ships.  The  questions  of  the  weight 
of  machinery  required  to  develop  a  certain  horse-power,  and 
of  the  horse-power  required  to  drive  a  ship  at  a  certain  speed, 
are  quite  distinct.  Within  certain  limits  of  speed,  a  vessel 
of  given  form  and  dimensions  may  be  driven  without  an 
extravagant  expenditure  of  power.  If  those  limits  are 
surpassed,  and  wave-making  resistance  becomes  great,  then  a 
large  expenditure  of  power  is  unavoidable,  no  matter  what 
means  may  be  employed  in  its  development.  At  the  same 
time,  if  weight  can  be  saved  in  the  machinery  and  coals 
required  to  produce  the  requisite  engine-power,  the  saving 
may  be  added  to  the  carrying  power  of  the  ship ;  or,  for  a 
certain  assigned  carrying  power,  a  smaller  ship  may  be  built 

2  o  2 
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than  would  be  possible  if  the  machinery  were  of  a  heayier 
type. 

Experience  with  these  fast  steam-lannches  has  not  hitherto 
influenced  ship  construction;  and  in  view  of  the  radical  .dif- 
ferences mentioned  aboYCy  it  does  not  appear  likely  to  do  so, 
except  through  the  progress  which  may  be  induced  in  the 
practice  of  marine  engineers.  An  example  may  exhibit 
more  clearly  the  magnitude  of  the  advantages  which  would 
result  from  the  production,  on  a  large  scale,  of  machuiery 
similar  to  that  used  in  the  steam-launches.  If  the  engines 
of  her  Majesty's  ship  Inconstant  were  so  constructed,  and 
were  as  powerful  as  the  present  engines,  they  would  weigh 
only  230  or  250  tons,  instead  of  1020  tons.  Supposing  that 
the  lighter  engines  were  less  economical  of  fuel,  800  tons  of 
coal  would  probably  suffice,  instead  of  the  600  tons  actually 
carried.  On  the  whole,  therefore,  the  change  would  effect 
a  saving  on  engines  and  coals  of  550  to  600  tons ;  which 
saving  might  be  utilised  in  various  ways,  and  would  be  a 
very  large  addition  to  the  actual  carrying  power  of  the  ship, 
which  amounts  to  1000  tons,  excluding  engines  and  coals. 
If  the  latter  weight  remained  the  same  in  a  new  ship  as  it 
is  in  the  Inconstant,  the  new  ship  might  be  built  with 
engines  of  the  lighter  type,  capable  of  steaming  as  fast  and 
as  far  as  the  existing  ship,  but  of  4000  tons  displacement 
only,  whereas  the  Inconstant  is  of  5328  tons. 

The  following  table  exhibits  in  a  succinct  form  the 
expenditure  of  power  required  to  attain  certain  measured- 
mile  speeds  in  screw-steamers  of  different  classes  and  sizes. 
For  ships  of  the  Eoyal  Navy,  speed  trials  are  always  made 
and  recorded ;  for  merchant  ships  corresponding  trials  are 
often  omitted,  or  are  made  when  the  vessels  are  light 
It  will  be  understood  therefore  that,  although  the  figures 
given  for  merchant  ships  are  taken  from  good  examples, 
they  cannot  be  guaranteed  to  the  same  extent  as  those  for 
war-ships. 
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Although  the  table  is  confined  to  comparatively  few  dasRes, 
it  represents  the  conditions  of  a  yery  large  number  of  ships, 
and  may  be  of  service  in  roughly  approximating  to  the 
engine-power  required  in  a  new  ship  belonging  to  any  of 
these  classes.  It  also  famishes  many  illustrations  of  the 
effect  of  changes  in  the  sizes  and  forms  of  ships  upon 
economy  of  propulsion. 
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CHAPTER  XIV. 

THE  STEERING  OP  SHIPS. 

Ships  are  ordinarily  manoeuvred  by  means  of  rudders, 
sails,  or  propellers  driven  by  steam-power.  Steering  by 
sail-power  alone  may  be  accomplished  by  the  skilful  sea^ 
man,  if  his  ship  has  been  well  designed.  Steering  by  the 
action  of  the  propellers  alone  is  also  a  possibility  in  certain 
classes  of  steamships,  and  this  may  be  a  great  advantage 
under  certain  circumstances.  Eudders  are  fitted,  however,  in 
all  classes  of  ships,  and  form  the  most  important  means  of 
controlling  their  movements  imder  all  ordinary  conditions  of 
service;  so  that  in  this  chapter  attention  will  be  chiefly 
directed  to  the  principles  upon  which  the  action  of  rudders 
depends.  A  brief  notice  will  suflSce  respecting  manoeuvring 
by  the  use  of  propellers ;  but  nothing  will  be  said  respecting 
manoeuvring  imder  sails  alone,  as  that  is  peculiarly  a  matter 
of  seamanship.  The  principal  facts  which  concern  the  naval 
architect  in  arranging  and  distributing  the  sail  spread  of  a 
ship  have  been  already  discussed  in  Chapter  XII. 

The  rudder  is  almost  always  placed  at  the  stem  of  a  ship, 
which  is  the  most  advantageous  position  for  controlling  her 
movements  when  she  has  headway.  In  what  follows  it  will 
be  understood,  therefore,  that,  unless  the  contrary  should  be 
stated,  we  are  dealing  with  stem  rudders.  After  discussing 
their  action,  a  few  remarks  will  be  made  respecting  the  use 
of  bow  rudders,  auxiliary  rudders,  and  other  supplementary 
methods  of  increasing  the  turning  power  of  ships. 

Two  kinds  of  rudders  require  to  be  noticed.    First,  the 
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ordinary  rudder,  which  rotates  about  an  axis  n 
edge,  and  U  hung  to  the  Etempost  of  the  ship.  Pig.  127 
shows  the  common  arrangement  in  a  single-screw  ship.  AA 
is  the  axis  of  the  rudder, 
the  line  passing  through  the 
centre  of  the  piutlea  hj  which 
the  rudder  is  hung  to  the 
after  stempost,  or  rudder-poat. 
In  the  plan,  AB  represents 
the  rudder  put  over  to  port, 
the  helm  being  arstarboard. 
Id  sailing  ships,  paddle-steam- 
ers, jet-propelled  veesels,  and 
twiu-screw  ships,  the  ordinary 
rudder  is  hung  to  the  after 
end  of  the  ship,  there  being 
only  one  stempost  in  such 
vessels.  Fig.  128  shows  the 
common  arrangement  in  twin-screw  ships ;  and,  apart  from  the 
propellers,  the  drawing  will  also  serve  for  the  other  classes 
named.  A  few  ships  have 
had  the  rudders  placed  be- 
fore the  single-screw  pro- 
pellers, bat  this  is  not  a 
common  plan;  when  it  is 
adopted,  the  rudder  is  gene- 
rally of  the  ordinary  kind, 
and  18  placed  in  the  after 
deadwood  below  the  screw- 
shaft. 

The  second  form  to  be 
noticed  is  the  hdaneed  md~ 
der,  which  differs  &om  the 
ordinary  form  in  having  a 
part  of  its  area— usually  about  one-third — before  the  axis 
about  which  it  rotates.  This  kind  of  rudder  has  been  used  in 
many  steamships  of  the  mercantile  marine  and  the  Boyal 
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Xavy.  Fig.  129  illustrates  a  common  arrangement:  AA  is 
the  axis.  It  will  be  observed  that  there  is  no  rudder-post, 
the  weight  of  the  rudder  being  taken  inboard,  and  the  lower 
bearing  at  the  after  end  of  the  keel  being  made  use  of  simply 
to  steady  the  rudder.    In  some  FIG. 129 

cases  balanced  rudders  have 
been  fitted  without  the  lower 
bearing,  the  rudder-head  being 
made  exceptionally  strong ; 
hut  this  plan  has  considerable 
disadvantages,  especially  as 
regards  liability  to  derange- 
ment by  shocks  or  blows  of 
the  sea.  Usually  the  balanced 
rudder  is  made  in  one  piece, 
and,  when  put  over,  occupies 
a  position  similar  to  that  in- 
dicated (in  plan)  by  Fig.  130, 
the  part  AC  before  the  axis 
A  being  rigidly  attached  to 
the  part  AB  abaft  it.  When 
the  rudder  is  thus  made  in 
one  piece,  it  is  termed  a  "  simple  "  balanced  rudder.  Ex- 
perience has  shown,  however,  that,  while  it  is  advan- 
tageous when  a  vessel  is  under  steam,  to  use  the  largo 
area  of  the  balanced  rudder,  it  may  be  preferable,  when 
she  is  under  sail  alone,  to  use  a  less  area.  To  enable  both 
these  objects  to  be  attainerl,  the  so-called  "compound" 
balanced  rudder  has  been  devised ;  it  is  fitted  in  her 
Majesty's  ships  Hercules  and  S^tan,  and  'has  proved  very 
satisfactory.  The  part  before  the  axis  is  attached  to  a 
hollow  annular  head  ;  up  through  which  passes  the  rudder- 
head  which  carries  the  after  part  of  the  rudder;  and  tho 
two  parts  are  hinged  to  one  another  along  the  axis.  When 
the  ships  are  under  steam,  the  two  parts  can  be  locked 
t<^cther  and  made  to  act  as  »  simple  balanced  rudder ; 
when  the  ships  are  under  sail,  the  fore  part  of  the  rudder 
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can  be  locked  fietst  in  the  line  of  the  keel  (as  shown  by 
AC,  Fig.  131),  occupying  a  position  resembling  that  of  the 
rudder-post  in  ordinary  screw-steamers,  and  the  after  part 
alone  (AB)  is  used  to  steer  the  ship. 

Both  ordinary  and  balanced  rudders  may  be  regarded 
simply  as  plane  surfaces  which,  by  means  of  suitable 
mechanism,  can  be  placed  at  an  angle  with  the  keel-line. 
It  is  customary  to  speak  of  the  ''  angle  of  helm  "  rather  than 
the  rudder  angle.  ''Helm  a-starboard"  means  that  the 
rudder  has  been  put  over  to  j>orf ,  and  that  the  head  of  the  ship 
moves  to  'port.  "  Helm  a-port "  means  that  the  rudder  has 
been  put  over  to  9iarboard^  and  that  the  head  of  the  ship 
moves  to  ziarhoari.  A  sailing  ship  has  ''weather-helm" 
when  the  rudder  has  been  put  over  to  the  leeward  side,  in 
order  to  make  the  head  of  the  ship  fall  off  from  the  wind. 
When  the  helm  is  "  a-lee,"  the  rudder  has  been  put  over 
to  the  windward  side,  in  order  to  bring  the  head  of  the  ship 
up  to  the  wind. 

In  discussing  the  action  of  the  rudder,  it  will  be  con- 
venient to  consider  separately  the  following  features : — 

(1)  The  causes  which  produce,  and  govern  the  amount  of, 
the  pressure  on  the  rudder,  making  it  effective  in  turning  a 
ship. 

(2)  The  relation  which  exists  between  the  pressure  on  the 
rudder  and  the  force  required  at  the  tiller-end  to  hold 
the  helm  at  any  angle  desired ;  as  well  as  the  work  to  be 
done  in  putting  the  helm  over. 

(3)  The  turning  effect  on  a  ship  produced  by  the  pressure 
on  the  rudder. 

The  first  and  second  of  th6se  subdivisions  are  very  closely 
connected ;  in  discussing  the  third,  it  will  be  necessary  to  dis- 
tinguish between,  what  may  be  termed,  the  initial  motion  of  a 
ship  when  her  helm  is  put  over,  and  her  subsequent  motion 
when  the  speed  of  rotation  has  become  approximately  unifonn. 

When  a  rudder  is  placed  obliquely  to  the  keel-line  of  a 
ship,  and  streams  of  water  impinge  upon  its  surface  in  con- 
sequence of  the  motion  of  the  ship,  or  the  action  of  her 
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propeller,  the  motions  of  these  streams  must  be  more  or  less 
checked  or  diverted  by  the  rudder,  and  the  change  of 
momentum  thus  produced  reacts  upon  the  rudder,  causing  a 
normal  pressure  upon  its  surface.*  If  the  rudder  were  placed 
athwartships,  and  the  streams  were  moving  with  uniform 
velocity  parallel  to  the  keel-line,  they  would  impinge 
normally  on  the  rudder,  and  the  pressure  upon  it  would 
resemble  that  experienced  by  the  plane  in  Fig.  117,  page  428. 
If  the  area  of  the  immersed  part  of  the  rudder  were  S 
(square  feet),  and  the  velocity  of  the  streams  Y  (say,  in  feet 
per  second),  then  the  pressure  Pi  on  the  rudder  in  its 
athwartship  position  might  be  expressed  in  the  form— 

Pi  =  K  X  S  X  V^, 

where  K  is  a  constant  quantity  to  be  determined  by  ex- 
periment. Probably  no  error  of  a  serious  character  would 
be  involved  in  assuming  the  results  obtained  by  Colonel 
Beaufoy  for  a  submerged  plane  to  hold  in  this  case ;  and 
then  K  would  equal  112  lbs.  for  a  velocity  (V)  of  10  feet 
per  second.  The  error  involved  would  be  one  of  defect,  the 
actual  pressure  being  somewhat  greater  than  that  experienced 
by  a  plane  surface  wholly  submerged. 

If  this  rudder,  instead  of  being  placed  athwartships,  were 
inclined  at  an  angle  a  to  the  keel-line,  it  would  sustain  a  less 
pressure ;  but  experiments  are  wanting  as  to  the  exact  law 
which  governs  the  variation  of  the  pressure  in  terms  of  the 
inclination.  The  old  assumption  was  that,  if  P  were  the 
pressure  for  an  angle  a,  and  Pi  that  for  the  athwartship 
position  of  the  rudder,  then 

P  =  Pi  sin^  a. 

This  assumption  is  known,  however,  to  be  erroneous;  in 
practice  a  does  not  exceed  40  degrees,  and  is  often  less 
than  20  degrees,  so  that  it  is  probably  more  correct  to 
assume  as  an  approximate  formula, 

P  =  P,  sin  a. 


*  Scu  the  remarks  on  reaction  due  to  change  of  momentum  on  page  520. 
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Only  a  few  observations  are  on  record  by  which  this 
approximate  rule  can  be  tested.  One  of  the  best  series  of 
experiments  appears  to  have  been  that  made  with  the 
WarrioT  some  years  ago,  when  the  pressures  on  the  tiller-end 
were  measured  by  a  dynamometer  for  different  speeds  of  the 
ship  and  screw.  The  helm  angle  in  this  case  was  about  25 
degrees,  and  on  analysis  the  law  of  the  sine  appears  to  hold 
fairly  well ;  but  in  making  that  analysis,  it  is  di£5cult  to 
make  satisfactory  allowance  for  friction  of  pintles,  bearings, 
&c.  Direct  experiments  on  plane  surfaces  moved  at  dif- 
ferent speeds  and  with  various  obliquities  would  be  a  iar 
preferable  mode  of  determining  the  law;  and  Mr.  Froude 
has  such  experiments  in  contemplation.* 

Although,  in  practice,  the  streams  impinging  upon  a 
rudder  do  not  move  in  lines  parallel  to  the  keel  and  with 
uniform  velocity,  yet  the  general  principles  explained  above 
hold  good.  When  a  rudder  is  put  over,  the  effective  pressure 
upon  it  depends  upon  the  relative  speeds  and  directions  with 
which  the  streams  impinge  upon  it.  In  all  classes  (rf  ships 
where  the  propellers  are  not  placed  at  or  near  the  stem,  the 
motion  of  the  water  relatively  to  the  stem  of  a  ship  moving 
ahead  in  a  straight  course  will  be  of  the  character  described 
in  Chapter  X 1. ;  and  as  the  rudder  is  attached  to  the  ship  and 
carried  forward  by  it,  the  effective  pressure  will  vary  with 
the  headway,  the  form  of  the  stem,  the  roughness  of  the 
bottom,  and  the  angle  at  which  the  rudder  is  placed.     When 


•  Beaufoy  aDii  the  French  ex- 
()erimentalists  whose  results  arc 
mentioned  at  page  473  did  not  in- 
vestigate the  resistances  of  thin 
boards  moved  normally  or  obliquely, 
but  limited  their  researches  to  the 
resistances  of  solids  with  wedge- 
shajKHi  ends,  the  fineness  of  the 
angle  of  the  wedge  being  varied. 
It  may,  however,  be  interesting  to 
quote  IJexiufoy  s  results.  At  a  speed 
of  8  miles  per  hour,  a  flat-ended  botly 


experienced  a  resistance  of  148^  Ibc^ ; 
other  bodies  with  wedge  ends  ex- 
perienced resistances  as  luider. 
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a  square  stem  causes  "  dead-water  "  to  travel  forward  with  a 
ship,  and  there  is  an  eddying  wake,  a  rudder  placed  in  this 
water  can  experience  little  pressure,  because  the  streams  have 
but  a  small  velocity  relatively  to  the  rudder.  Chinese  junks 
furnish  a  curious  illustration  of  this  condition,  for  it  is  said 
that  the  rudders  commonly  have  to  be  lowered  below  the 
bottoms  of  the  vessels  in  order  to  obtain  pressure  and  steer- 
ing power.  On  the  other  hand,  fineness  in  the  run  increases 
the  speed  with  which  the  streams  approach  the  rudder,  and 
the  effective  pressure  due  to  reaction.  The  lowest  part  of 
the  run,  over  the  deadwood,*  is  the  finest,  and  here  the 
velocity  of  approach  of  the  streams  is  greatest,  the  effective 
pressure  on  the  corresponding  part  of  the  rudder  being 
proportionately  increased.  Further  on  the  results  of  an 
experiment  will  be  given,  illustrating  this  statement. 

In  sailing  ships,  paddle-wheel  vessels,  and  jet-propelled 
vessels,  the  effective  rudder  pressure  may  be  regarded  as 
mainly  resulting  from  stream-line  motions  due  to  the  head- 
way. A  sailing  ship  nmning  dead  before  the  wind  would 
probably  approach  most  closely  to  the  assumed  conditions, 
A  ship  sailing  on  a  wind  has  leeway  as  well  as  headway,  in 
addition  to  an  angle  of  heel,  all  of  which  circumstances,  as 
previously  explained,  would  somewhat  affect  the  stream-line 
motions ;  but  probably  the  variations  have  no  great  influence 
upon  the  rudder  pressure.  In  paddle-wheel  vessels  or  vessels 
on  the  water-jet  principle,  the  motion  of  the  streams  relatively 
to  the  rudder  may  also  be  somewhat  affected  by  the  action  of 
the  propellers.  The  velocities  with  which  the  streams 
approach  the  rudders,  in  vessels  with  fine  stems,  are,  how- 
ever, commonly  assumed  to  be  proportional  to  the  speeds  of 
the  vessels ;  and  no  error  of  importance  is  thus  committed. 

Similar  considerations  apply  to  the  case  where  these 
classes  of  ships  have  stemway  instead  of  headway ;  but  in 
that  case  a  rudder  placed  at  the  stern  resembles  in  its  action 
a  bow  rudder  in  a  ship  moving  ahead.  Instead  of  considering 
it  in  this  connection,  it  will  therefore  be  convenient  to 
discuss  the  case  hereafter  jointly  with  that  of  bow  rudders. 
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From  the  foregoing  remarks  it  will  appear  that  the 
rudder  pressure  which  is  effectiye  for  taming  a  ship  has  no 
connection  with  the  hydrostatical  pressure  which  would  be 
acting  upon  the  surface  if  the  rudder  were  put  oyer  to  any 
angle  when  the  ship  was  at  rest  in  still  water.  This  dis- 
tinction is  mentioned  because  some  persons  have  confused 
hydrostatical  pressure,  with  the  pressure  or  reaction  due  to 
the  relative  motion  of  the  streams  and  the  rudders,  and  have 
proposed  to  shape  the  rudder  according  to  laws  based  upon 
this  wrong  assumption.  The  mistake  made  is  similar  to  that 
referred  to  at  page  428,  as  to  the  relative  resistances  of  a 
plane  surface  wholly  or  partly  submerged.  There  can  be  no 
question,  however,  that  without  motion  of  the  ship,  or  of  the 
water  past  the  ship,  the  rudder  can  have  no  steering  power. 
A  ship  or  boat  anchored  in  a  tidal  current  or  river  can  be 
turned,  to  some  extent,  from  the  line  of  flow  of  the  current 
by  the  action  of  the  rudder ;  because  the  water  has  motion 
relatively  to  the  rudder.  But  without  headway  or  stem- 
way  in  still  water,  no  ship  can  be  under  control  by  means 
of  the  rudder,  imless  she  has  her  propeller  placed  in 
the  neighbourhood  of  the  rudder,  and  by  its  action  can 
impel  a  current  of  water  upon  one  of  the  surfaces  of  the 
rudder. 

Screw  steamers  furnish  illustrations  of  the  last-mentioned 
condition.  The  propeller  race  is  driven  aft  more  or  less 
directly  upon  the  rudder  when  the  vessel  is  moving  ahead ; 
and  if  she  is  moving  steadily  astern,  the  action  of  the 
propeller  induces  a  forward  pressure  on  the  after  surface  of 
the  rudder  which  is  also  effective  for  steering.  Refer- 
ence to  Figs.  127-129  will  show  that  this  is  almost  equally 
true  of  single-  and  twin-screw  ships.  In  fact,  the  common 
assumption,  which  experience  justifies,  is  that  the  speeds 
of  approach,  as  well  as  the  directions  of  the  streams  im- 
pinging upon  the  rudder  of  a  screw-steamer,  are  determined 
by  the  action  of  the  propeller,  rather  than  by  the  motion  of 
the  ship.  Hence,  so  far  as  the  action  of  the  rudder  is 
concerned,  the  form  of  the  after  part  of  a  screw-ship  is  not  so 
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influential  as  in  sailing,  paddle,  or  jet-propelled  vessels ;  but 
it  has  been  shown  (at  page  538)  how  important  it  is  to  have 
an  extremely  fine  fonn  of  after  body  in  order  to  secure  the 
e£Sciency  of  screws. 

The  particles  in  the  propeller  race  have  rotary  as  well  as 
stemward  motion  communicated  to  them,  and  therefore  do 
not  move  parallel  to  the  keel  when  they  impinge  upon  the 
rudder,  but  in  more  or  less  spiral  paths.  In  a  single- 
screw  ship,  if  the  helm  is  put  amidships,  and  the  propeller 
made  to  revolve,  the  ship  will  be  turned  completely  round 
under  the  action  of  the  screw  alone.  Experience  shows  that, 
if  the  screw  be  "  right-handed,"  the  head  of  the  ship  will 
turn  to  starboard,  if  it  be  left-handed,  she  will  turn  to  port, 
when  the  ship  is  driven  ahead.*  K  the  helm  is  left  free,  and 
the  screw  made  to  revolve,  it  is  found  that,  when  the  ship 
moves  ahead,  the  rudder  will  rest  in  a  position  inclined  to  the 
keel-line,  and  on  that  side  towards  which  the  particles  of  water 
in  the  race  are  driven  by  the  lower  blades  of  the  propeller. 
The  inference  naturally  is  that  the  lower  blades  act  upon 
less  disturbed  water  than  the  upper  blades,  and  deliver 
streams  upon  the  lower  part  of  the  rudder  which  have  more 
momentum  than  the  streams  delivered  by  the  upper  blades 
upon  the  other  side  of  the  upper  part  of  the  rudder.  And 
the  steering  effect  of  the  screw  in  one  direction  may  be 
similarly  explained  by  the  excess  of  pressure  produced  upon 
the  after  stempost  and  rudder  by  the  streams  delivered  by 
the  lower  blades.  This  matter  is  not  of  great  importance, 
its  chief  interest  arising  from  the  fact  that  single-screw 
steamers  always  turn  more  quickly  to  one  side  than  to  the 
other,  when  the  helm  angle  is  made  equal  in  both  cases.  In 
twin-screw  ships,  right-  and  left-handed  screws  are  fitted  on 


*  Admiral  Halsted  expresses  Institution  of  Naval  Architects  for 
this  somewhat  differently,  stating  1864,  which  contains  much  inter- 
that  the  ship  turas  towards  the  esting  information  as  to  steering 
side  on  which  the  screw  descends,  trials  made  with  the  floating  hattery 
See  his  paper  on  "  Screw-ship  Steer-  Terror, 
age,"  in  the    Transactions  of  the 
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opposite  sides,  so  that  there  is  no  similar  tendency  to  fidl  off 
from  a  course  when  the  helm  is  amidships. 

In  this  connection  it  may  be  interesting  to  menticm  the 
results  of  recent  experiments  made  by  Herr  Schlick,  on  the 
screw-steamer  Vtnodol,  in  the  port  of  Finme.  An  ordinary 
rudder  was  divided  into  two  equal  parts,  the  line  of  secticm 
being  horizontaL  Wlien  the  screw  was  at  work,  the  lower 
half  found  its  position  of  rest  at  an  inclination  of  rather  less 
than  10  degrees  on  one  side  of  the  keel-line,  while  the 
upper  half  rested  at  nearly  an  equal  inclination  on  the  other 
side  of  the  keel-line. 

Broadly  speaking,  it  may  be  said  that,  when  a  screw- 
steamer  is  moving  ahead,  the  velocity  with  which  the 
streams  impinge  upon  her  rudder,  if  placed  abaft  the  screw, 
equals  the  speed  of  the  screWy  and  therefore  equals  the  sum 
of  the  speed  of  the  ship  and  slip  of  the  screw.  When  the 
slip  is  considerable,  as  it  may  be  in  some  cases  (see  page  530), 
the  increase  in  rudder  pressure  and  steering  effect  above  that 
due  to  the  headway  of  the  ship  may  be  a  most  valuable 
element  in  her  handiness.  Similar  reasoning  applies  to  the 
case  where  the  propeller  is  driving  a  ship  astern  at  a  steady 
speed.  But  the  most  important  case  of  screw-ship  steerage 
is  that  when,  to  avoid  a  collision  or  any  other  danger,  the 
engines  of  a  screw-steamer  are  suddenly  reversed,  say,  from 
full  speed  ahead  to  full  speed  astern.  The  vessel  will  then 
maintain  headway  for  a  short  time,  but  the  effect  of  the 
propeller  race  upon  the  rudder  may  more  than  counterbalance 
the  effect  of  headway,  and  the  vessel  may  steer  as  if  she 
were  moving  astern,  the  resultant  pressure  being  delivered 
upon  the  after  surface  of  the  rudder. 

This  feature  of  screw-ship  steerage  has  long  been  known. 
An  experiment  was  made  with  the  Clreat  Britain  in  1845 ; 
and  it  was  found  that,  when  the  vessel  was  going  astern  at 
the  rate  of  9  or  10  knots,  if  the  engines  were  rapidly  reversed, 
she  steered  immediately  as  if  she  were  going  ahead. 
Similar  experience  appears  to  have  been  gained  with  the 
Archimedes  and  other  early  screw-steamers.      Attention  has 
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been  recently  drawn  to  the  matter  by  Professor  Osborne 
Reynolds,  more  particularly  with  a  view  to  famishing  ships* 
captains  with  rules  for  guidance  in  endeavouring  to  avoid 
collisions ;  and  under  the  direction  of  a  committee  of  the 
British  Association,  experiments  are  now  being  made.  So 
far  as  the  results  have  been  published,  they  generally 
confirm  those  obtained  in  early  screw-ships,  and  prove 
that  the  action  of  the  propeller  race  may  produce 
rudder  pressure  and  steering  power  independently  of  the 
motion  of  ships  ahead  or  astern.  In  twin-screw  ships 
this  power  is  less  important  than  in  single-screw  ships, 
because  the  manoeuvring  power  of  the  propellers  alone  is 
considerable. 

Summing  up  these  remarks  on  the  causes  which  govern  the 
pressure  on  the  rudders  of  different  classes  of  ships,  it  may 
be  said  that  in  all  cases  that  pressure  depends  upon  the  area 
of  the  immersed  part  of  the  rudder,  the  angle  of  its  obliquity 
to  the  keel-line,  and  the  speeds  and  directions  with  which  the 
streams  impinge  upon  its  surface.  The  motions  of  the 
streams  depend  principally  upon  the  motion  ahead  or  astern, 
and  the  form  of  the  after  body  in  sailing,  paddle,  and  jet-pro- 
pelled ships,  and  upon  the  action  of  the  propellers  in  screw- 
steamers.  It  must  be  added  that,  when  ordinary  rudders  are 
employed,  and  hung  either  to  a  broad  rudder-post  abaft  the 
screw,  as  in  Fig.  127,  or  to  the  body  of  the  ship,  as  in  Fig. 
128,  the  check  put  upon  the  motion  of  the  streams  by  the 
rudder  must  produce  a  reaction  and  pressure  not  merely 
upon  the  rudder  itself,  but  upon  the  portion  of  the  stem- 
post  or  deadwood  adjacent  to  the  rudder.  This  additional 
pressure  will  be  delivered  on  the  side  towards  which  the 
rudder  is  put  over,  and  there  is  good  reason  for  believing 
that  it  considerably  assists  the  rudder  pressure  in  steering  a 
ship,  being  most  valuable  in  cases  where  the  rudder  is 
hung  to  the  body  of  the  ship.  With  simple  balanced  rudders 
placed  as  in  Fig.  130,  there  is  no  corresponding  pressure  on 
the  deadwood,  but  instead  of  it  a  normal  pressure  on  the 
additional  rudder  area  placed  before  the  axis.     Compound 
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balanced  nidders  with  the  forward  part  locked  fSeist  (as  in 
Fig.  131)  of  course  resemble  the  case  illustrated  in  Fig.  127 
for  an  ordinary  rudder. 

Besides  these  normal  pressures  on  the  rudder,  stempost, 
and  deadwood,  there  will  be  a  certain  amount  of  Jridumal 
resistance  on  the  rudder  surface  when  placed  obliquely ;  but 
this  is  of  little  importance,  as  compared  with  the  normal 
pr^sures,  except  for  very  smaU  angles  of  helm :  and,  so  fiir 
as  it  produces  any  effect  on  the  steering,  it  will  act  against 
the  normal  pressures. 

Next :  reference  must  be  made  to  the  force  required  at  the 
tiller-end  to  hold  the  rudder  at  any  angle.  This  will,  of 
course,  depend  upon  the  length  of  the  tiller  and  the  mode  of 

FIG.I32 


applying  the  force ;  but  it  may  be  assumed  that  both  these 
conditions  are  given.  In  Fig.  132  an  ordinary  rudder  is 
shown.  The  resultant  pressure  upon  it  is  P,  acting  through  the 
centre  of  effort  C  of  the  immersed  rudder  area.  AT 
represents  the  tiller,  Q  the  force  required  at  its  end,  if 
applied  normally  to  the  tiller,  in  order  to  hold  the  rudder 
over.  Apart  from  firiction  of  the  pintles,  rudder  bearings, 
collar,  &c.,  we  should  have, 

P  X  AC  =  Q  X  AT. 

These  firictional  resistances  vary  considerably  in  different 
vessels,  but  may  be  made  comparatively  small  by  means  of 
careful  arrangements ;  in  most  eases  they  probably  act  with 
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the  force  Q  in  resisting  the  motion  of  the  rudder  back 
towards  the  keel-line.  Neglecting  friction,  it  appears  there- 
fore that,  other  things  bemg  fixed,  the  force  at  the  tiller-end 
will  vary  with  the  distance  AC  of  the  centre  of  effort  from 
the  axis  of  the  rudder.  Formerly  it  was  assumed  that  the 
centre  of  effort  coincided  with  the  centre  of  gravity  of  the 
immersed  area  of  the  rudder,  and  that  the  pressure  due  to 
the  reaction  of  the  streams  was  uniformly  distributed  over 
that  area.  Experience  has  proved  this  to  be  untrue  when  a 
rudder  is  set  obliquely.  In  the  case  of  balanced  rudders,  for 
example,  it  has  been  ascertained  that,  when  the  area  before 
the  axis  was  about  one-half  as  great  as  the  area  abaft  the  axis, 
a  dynamometer  attached  to  the  tiller-end  indicated  little  or 
no  strain,  showing  that  the  centre  of  eflfort  of  the  rudder  was 
then  practically  coincident  with  the  axis.  With  ordinary 
rudders,  in  which  the  area  is  wholly  abaft  the  axis,  there  is 
probably  a  similar  excess  of  pressure  on  the  forward  part  as 
compared  with  the  after  part ;  and  the  centre  of  effort  lies 
considerably  nearer  to  the  axis  than  the  centre  of  gravity  of 
the  immersed  al'ea.  The  explanation  suggested  by  Mr. 
Froude  of  this  experimental  fact  is  simple  and  sufficient. 
When  a  plane  is  moved  in  a  direction  perpendicular  to 
itself,  in  the  manner  illustrated  by  Fig.  117,  page  428,  a 
certain  set  of  stream-line  motions  is  established,  and  taken 
up  by  the  particles  contained  in  a  colunm,  which  may  be  sup- 
posed to  extend  forward  into  the  water  perpendicularly  to 
the  plane.  On  the  other  hand,  when  the  plane  is  moved 
obliquely,  its  leading  edge,  corresponding  to  the  forward  edge 
of  a  rudder,  may  be  regarded  as  continually  entering  water 
which  was  comparatively  little  disturbed  by  the  previous 
motion,  and  which  therefore  reacts  more  powerfully  on  that 
part  of  the  area  than  does  the  water  which  impinges  upon 
the  after  part  of  the  plane,  and  which  had  been  previously 
disturbed  by  the  motion  of  the  plane.  As  an  approximate 
rule,  probably  no  great  error  would  be  incurred  in  assuming 
the  centre  of  effort  in  an  ordinary  rudder  to  be  one-third  or 
one-foiirth  of  the  mean   breadth  of  the  rudder  from  the 
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axis.*  In  a  balanced  rudder  of  the  usual  proportions,  the 
centre  of  effort  is  nearly  coincident  with  the  axis.  Conse- 
quently, with  a  properly  balanced  rudder  of  any  required 
area,  the  power  applied  at  the  tiller-end  has  only  to  hold 
the  rudder  steady;  whereas  with  an  ordinary  rudder  of 
equal  area  at  an  equal  angle  it  has  to  balance  the  yery 
considerable  moment  of  the  pressure  about  the  axis. 

The  work  to  be  done  in  putting  the  balanced  rudder  over 
to  any  angle  is  simply  that  required  to  overcome  the  Mctional 
resistances  of  the  pintles,  bearings,  &c.  of  the  rudder, 
and  those  of  the  steering  gear  proper,  by  which  the 
power  applied  at  the  steering  wheels  is  transmitted  to  the 
tiller-end.  The  waste  work  on  friction  of  steering  wheels, 
rods,  chains,  blocks,  &c.  may  be  very  considerable ;  but  with 
these  we  are  not  concerned  at  present.  What  may  be 
termed  the  useful  work  done  in  putting  the  rudder  over  is 
that  spent  in  overcoming  the  moment  of  the  effective  pres- 
sure corresponding  to  every  position  which  the  rudder  can 
occupy  between  its  midship  position  and  its  extreme  angle.t 
In  the  case  of  the  balanced  rudder,  this  would  be  zero ;  in  the 
ordinary  rudder,  using  the  previous  notation,  it  would  be  re- 
presented approximately  by  the  expression, 

Useful  work  =  Pj  x  AC  (1  —  cos  a)  =  Pj  x  AC  vers  a, 

where  AC  is  the  distance  of  the  centre  of  effort  from  the 
axis,  and  is  supposed  to  remain  constant  for  all  angles  of 
the  helm.  This  would  represent  the  additional  work  re- 
quired to  be  done  by  using  an  ordinary  instead  of  a  balanced 
rudder ;  and  it  might  be  of  considerable  amount  when  the 
helm  angle  was  large. 

Balanced  rudders  can  be  put  over  to  large  angles  in  a 
very  short  time  with  the  same  appliances  as  would  require  a 


*  Investijiations  on  this  subject  t  f  he  case  is  a  parallel  one  to 

arc  now  being  made  by  Lord  Ray-  that    lor  dynamical  stability,   ex- 

leigh  and   Mr.   Froude,   and   con  plained  at  page  132 ;  and  it  is  na- 
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much  longer  time  to  put  ordinary  rudders  over  to  moderate 
angles.  This  quickness  of  movement  in  the  helm  is  of 
great  impoilance,  and  it  results  from  the  conditions  ex- 
plained above. 

The  balanced  type  of  rudder  has  been  long  known.  Earl 
Stanhope  proposed  it  in  1790;  it  was  fitted  to  a  ship  by 
Captain  Shuldham  about  thirty  years  later,  and  adopted  in 
the  QreaJt  Britain  about  1845.  It  was  not  introduced  into 
the  Royal  Navy  until  1863,  when  the  steering  gear  in  use, 
worked  by  manual  power,  had  failed  to  give  satisfaction  in 
the  long  swift  ships  of  the  WarrioT  class,  and  in  many  other 
screw-steamers  of  less  size.  The  extreme  angles  of  helm 
that  could  be  reached  did  not  exceed  18  to  25  degrees; 
and  to  secure  even  these  results  there  was  such  a  multiplica- 
tion of  tackles  between  the  steering  wheels  and  tillers  as 
made  the  loss  of  power  in  friction  very  considerable,  and  the 
time  of  putting  the  helm  over  very  long.  On  one  occasion, 
for  example,  the  Block  Prinee  was  turned  in  a  circle  with  her 
rudder  30  degrees  fh)m  the  keel-line ;  to  put  the  helm  over 
occupied  1^  minute,  to  complete  the  circle  8^  minutes  were 
taken,  and  forty  men  were  engaged  at  the  steering  wheels  and 
relieving  tackles.*  On  another  trial,  the  Minotaur,  with 
eighteen  men  at  the  wheels  and  sixty  at  the  relieving 
tackles,  was  turned  in  a  circle  in  about  7f  minutes,  1^  minute 
being  occupied  in  putting  the  helm  over  to  the  very  mode- 
rate angle  of  23  degrees.  Balanced  rudders  enabled  both 
these  faults  to  be  corrected,  the  helm  being  put  up  to  angles 
of  35  degrees  or  40  degrees  very  quickly,  by  the  application 
of  a  very  moderate  force  at  the  steering  wheels.  The 
BeGerophon  was  the  first  ship  fitted  on  this  principle ;  and 
on  tried  her  rudder,  which  had  an  area  about  25  per  cent, 
greater  than  that  of  the  Minotaur y  was  put  over  to  an  angle  of 


*  For  much  interesting  informa-  Construction),  in  the  Transacttona 
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37  degrees  in  about  20  seconds  by  eight  mep,  when  the  ship 
was  steaming  nearly  at  the  same  speed  as  the  Minotaur  had 
attained.  The  Hercvlea  also,  steaming  at  a  higher  speed  than 
the  MinotauVy  had  her  larger  rudder  put  over  to  40  degrees 
in  32  seconds  by  sixteen  men  at  the  steering  wheels,  and 
completed  a  circle  in  4  minutes.  Further  examples  of  the 
economy  of  power  and  rapidity  of  motion  rendered  possible 
by  the  balanced  rudder  will  be  found  in  the  records  of  trials 
of  her  Majesty's  ships.* 

The  introduction  of  steam  and  hydraulic  steering  ap- 
paratus has,  however,  restored  the  use  of  ordinary  rudders 
in  the  largest  screw-steamers  of  the  Royal  Navy.  In 
vessels  possessing  sail-power  as  well  as  steam-power,  it  has 
been  found  that  the  balanced  rudder,  with  its  large  area 
and  facility  of  movement,  might,  unless  carefully  managed, 
cause  ships  to  miss  stays,  or  to  fail  in  manoeuvring  under  sail 
alone.  The  compound  balanced  rudder  was  devised  to 
remove  this  objection,  and  has  answered  its  intended  purpose; 
but  it  is  costly.  Moreover,  in  all  ships  it  is  admitted  that 
the  ordinary  rudder  is  less  liable  to  serious  damage,  by 
striking  the  ground  or  other  accidents,  than  the  balanced 
rudder.  When  eflRcient  apparatus  had  been  devised  by 
which  the  rudders  of  the  largest  vessels  could  be  brought 
under  the  control  of  one  man,  and  put  over  rapidly  to  any 
angle  desired,  there  was  every  reason,  therefore,  to  resume 
the  use  of  ordinary  rudders.  And  with  twin-screw  propellers 
these  rudders  possessed  further  advantages  over  the  balanced 
type,  in  enabling  the  power  of  the  screw  race  on  either  side 
to  be  utilised  more  efficiently.  One  example  will  suffice  of 
the  great  advantages  gained  by  using  steam  steering  engines 
in  large  ships.    The  Minotaur  is  now  fitted  on  this  principle, 


*  A  clever  system  of  counter-  description  of  the  plan,  see  vol.  xi. 

balancing    ordinary     rudders    by  of  the  TranmctumB  of  the  Institu- 
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and  on  trial  it  was  found  that  the  rudder  could  be  put  over 
to  35  degrees  in  about  16  seconds  by  two  men ;  the  circle  was 
turned  in  about  5^  minutes,  and  its  diameter  was  less  than 
two- thirds  as  great  as  that  on  the  former  trial.  Placing  these 
figures  beside  those  stated  above,  when  manual  power  alone 
was  used  at  the  steering  wheels,  it  will  be  seen  how  great 
has  been  the  improvement  made  in  this  ship,  of  which  the 
rudder  remains  unaltered ;  and  comparing  the  helm  angle 
and  time  for  putting  the  rudder  over  with  the  figures  given 
for  ships  with  balanced  rudders,  it  will  be  seen  that  the 
ordinary  rudder  with  steam  steering  is  at  no  disadvantage. 

In  ships  of  war,  steam  steering  gear  has  the  further 
advantage  of  placing  the  control  of  the  largest  ships  in  the 
hands  of  one  or  two  men,  possibly  in  those  of  the  commanding 
officer  himself.  To  secure  this  advantage,  snch  gear  has 
been  fitted  in  ships  with  balanced  rudders,  where  the  gain 
in  manoeuvring  power  has  been  comparatively  small.  Large 
merchant  steamers  are  similarly  fitted,  the  Qreat  EastefTi 
having  been  one  of  the  first  vessels  furnished  with  a  steering 
engine.  A  small  auxiliary  engine  is  now  usually  employed 
for  the  purpose,  steam  having  been  generally  preferred  to 
hydraulic  power  after  numerous  trials,  although  some 
arrangements  on  the  hydraulic  principle  have  given  great 
satisfaction.  Plans  have  been  devised  for  taking  power 
off  the  main  screw-shafts  in  order  to  steer  ships,  but 
they  have  not  found  much  favour;  and  the  arrangements 
now  in  use  having  proved  thoroughly  satisfactory,  it  is 
unlikely  that  the  power  of  the  main  engines  will  be  utilised 
for  steering.  The  great  majority  of  ships  are  still  steered 
by  mai^"ft-l  power,  and  are  likely  to  continue  in  that  condition, 
their  moderate  sizes  and  speeds  enabling  ordinary  appliances 
to  put  their  helms  over  quickly  to  sufficiently  large  angles. 

Thirdly :  as  to  the  effect  of  the  rudder  in  turning  a  ship. 
This  is  the  purpose  for  which  the  rudder  is  fitted,  but  the 
preceding  remarks  have  been  necessary  in  order  to  clear 
the  way  for  the  description  that  will  now  be  attempted. 
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Suppose  a  ship  to  be  advancing  on  a  straight  coarse  with 
uniform  speed  when  the  rudder  is  first  put  over.  Im- 
mediately there  is  developed  a  pressure  on  the  rudder,  the 
magnitude  of  which  increases  as  the  helm  angle  becomes 
larger.  Fig.  133  shows  the  plan  of  a  ship,  with  the  rudder 
(AB)  put  over  to  the  angle  BAD  ;  the  arrow  indicates  the 
line  of  action  of  the  resultant  pressure  P.  Let  G  indicate 
a  vertical  axis  passing  through  the  centre  of  gravity  of  the 
ship ;  through  G  draw  the  line  HL  parallel  to  the  line  of 
action  FC  of  the  resultant  pressure  on  the  rudder,  and  along 
HL  suppose  two  equal  and  opposite  forces  P,  P  to  be  applied. 
These  forces  will  balance  one  another,  and  therefore  will  not 


FIG. 133. 


produce  any  change  iu  the  conditions  to  which  the  ship  is 
subjected  independently  of  them.  By  this  means  the  single 
force  P  on  the  rudder  is  replaced  by  a  single  force  P  acting 
along  HG,  and  a  couple  formed  by  the  pressure  P  on 
the  rudder  and  an  equal  force  acting  along  LG ;  the  arm  of 
this  couple  is  GF,  and  it  evidently  tends  to  turn  the  vessel 
in  the  direction  indicated  by  the  arrows  at  the  bow  and 
stem.  The  single  force  P  acting  along  HG  tends  to  produce 
a  simultaneous  motion  of  translation  of  the  vessel  along  its 
line  of  action.  This  force  P  may  be  resolved  into  two 
components :  if  GH  represents  P,  HK  will  be  its  component 
acting  parallel  to  the  keel,  and  KG  the  component  acting 
perpendicularly  to  the  keel.  The  transverse  component 
is  usually  larger  than  the  longitudinal;  but  it  is  not  so 
important  because  at  each  instant   it  has  opposed  to   it 
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the  great  force  of  lateral  resistance*  and  therefore  can  cause 
but  a  very  small  speed  of  drift.  The  longitudinal  com- 
ponent, on  the  contrary,  may  exercise  a  sensible  effect  in 
checking  the  speed  of  a  ship  while  she  is  turning.  As  the 
rudder  is  put  over,  the  value  as  well  as  the  direction  of  P 
change,  and  the  absolute  and  relative  values  of  these  com- 
ponent forces  will  change ;  but  at  each  instant  conditions 
similar  to  those  described  will  be  in  operation.  It  becomes 
important,  therefore,  to  trace  the  consequent  motion  of  the 
ship ;  and  for  the  sake  of  simplicity  it  will  be  assumed  that 
she  is  a  steamer,  the  propelling  force  being  delivered  parallel 
to  the  keel-line. 

Ultimately,  when  the  rudder  is  hard  over  and  held  at  a 
steady  angle,  the  ship  would  be  found  to  be  turning  in  a 
path  which  would  be  very  nearly  a  circle,  and  is  usually 
treated  as  if  it  were  a  circle.  Her  speed  would  be  somewhat 
less  than  it  would  be  if  she  were  steaming  on  a  straight 
course  with  the  same  engine-power,  and  her  ends  would  be 
turning  about  the  vertical  axis  passing  through  the  centre 
of  gravity,  with  a  nearly  uniform  motion,  or  angular  velocity. 
Before  this  condition  could  have  been  reached,  however, 
there  must  have  been  a  period  during  which  the  angular 
velocity  was  gradually  accelerated  up  to  its  uniform  value, 
while  the  headway  was  being  checked,  and  before  the  drift 
to  leeward  had  supplied  a  resistance  balancing  the  com- 
ponent of  the  rudder  pressure  and  the  centrifugal  force.  It 
will  be  well,  therefore,  to  glance  at  this  period  of  change 
before  considering  the  case  of  uniform  motion. 

As  soon  as  the  rudder  is  put  over,  an  unbalanced  couple 
wiU  be  brought  into  operation,  and  the  ship  will  begin  to 
acquire  angular  velocity.  At  first  this  velocity  will  be  very 
small ;  and  as  the  resistance  offered  by  the  water  to  totation 
varies  very  nearly  as  the  sqtuire  of  the  angular  velocity,!  that 


*  See  page  482.  varies  with  a  power  of  the  angular 
t  The  analyses  which  we  have  velocity  almost  identical  with  that 
made  from  numerous  turning  trials  deduced  from  the  experiments  made 
uf  the  Warrior  cnahle  us  to  state  by  Mr.  Froude  on  frictional  resist- 
that    in    her    case    the    resistance  ance. 


S86  NAVAL  ARCHITECTURE.  chap.  xiv. 


resistance  is  of  little  importance  in  the  earliest  stages  of  the 
motion.  The  initial  values  of  the  angular  acceleration  will 
therefore  chiefly  depend  upon  the  ratio  which  the  moment 
of  the  couple  bears  to  the  moment  of  inertia  of  the  ship 
about  a  yertical  axis  passing  through  the  centre  of  gravity 
(G,  in  Fig.  133).  That  moment  of  inertia  is  determined  by 
multiplying  the  weight  of  every  part  of  the  ship  by  the 
square  of  its  distance  from  the  axis  of  rotation;  and  the 
moment  of  inertia  would  evidently  be  much  increased  if 
heavy  weights  were  carried  near  the  extremities  instead  of 
being  concentrated  amidships.  Hence,  with  a  certain  radder 
area  put  over  to  the  same  angle  in  the  same  time,  in  two 
ships  similar  to  another  in  outside  form  and  immersion,  but 
differing  in  their  moments  of  inertia,  the  ship  having  the 
less  moment  of  inertia  will  acquire  angular  velocity  more 
quickly  than  her  rivaL  Moreover,  it  will  be  evident  that 
a  ship  of  which  the  rudder  can  be  put  over  quickly  to  its 
extreme  angle  will  acquire  angular  velocity  more  rapidly 
than  she  would  with  the  same  rudder  put  over  slowly.  As 
the  angular  velocity  is  accelerated,  the  moment  of  the 
resistaDce  increases,  exercising  an  appreciable  effect  upon  the 
acceleration ;  and  finally  a  rate  of  motion  is  reached  for 
which  the  moment  of  the  resistance  balances  the  moment  of 
the  couple  due  to  the  corresponding  pressure  on  the  rudder, 
the  angular  velocity  then  becoming  constant.*  It  will,  of 
course,  be  understood  that,  simultaneously  with  this  acquisi- 
tion of  angular  velocity,  a  retardation  of  headway  will  have 
taken  place,  and  carried  with  it  some  change  in  the  pressure 
on  the  rudder ;  the  balance  between  the  lateral  resistance 
and  the  other  forces  named  above  will  also  have  been  esta- 
blislied. 

Four  features,  therefore,  chiefly  affect  the  readiness  of  a 
ship  to  answer  her  helm :  (1)  the  time  occupied  in  putting 
the  helm  hard  over ;  (2)  the  rudder  pressure  corresponding  to 
that  position ;  (3)  the  moment  of  inertia  of  the  ship  about 


*  See  the  similar  case  previously  illustrated  for  the  effect  of  resistanoe 
to  the  oicillations  of  ships  among  waves ;  page  218. 
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the  vertical  axis  passing  through  the  centre  of  gravity; 
(4)  the  moment  of  the  resistance  to  rotation.  Only  the  first 
and  second  of  these  can  be  much  influenced  by  the  naval 
architect ;  their  importance  has  already  been  illustrated  from 
the  turning  trials  of  the  Minotav/r.  The  moment  of  inertia 
is  principally  governed  by  the  longitudinal  distribution  of 
the  weights  in  the  ship ;  in  arranging  these  weights,  con- 
siderations of  trim,  convenience,  and  accommodation  are 
paramount.  The  moment  of  resistance  depends  upon  the 
form  and  size  of  the  immersed  part  of  the  hull;  and  is 
especially  influenced  by  the  fine  parts  of  the  extremities. 
In  some  ships  the  deadwood  forward  and  aft  has  been  cut 
away  considerably,  in  order  to  increase  the  handiness ;  but 
this  practice  is  not  common,  and  for  sea-going  and  sailing 
ships  it  is  open  to  the  objection  that  it  diminishes  the 
lateral  resistance  and  the  resistance  to  rolling.  Hence  it 
rarely  happens  that  a  designer  endeavours  to  exercise  much 
control  over  the  resistance  to  rotation ;  but  in  yachts  and 
small  craft  the  attempt  is  sometimes  made. 

Closely  associated  with  this  readiness  to  answer  the  helm, 
or  to  acquire  angular  velocity,  are  the  conditions  which 
control  the  decrease  of  that  velocity  when  a  vessel  has  had 
her  head  brought  round  to  a  new  course  upon  which  it  is 
desired  to  keep  her.  The  greater  the  ratio  of  the  moment 
of  resistance  to  the  moment  of  inertia,  the  more  rapid  will  be 
the  rate  of  extinction  of  the  rotation ;  and,  conversely,  the 
greater  the  ratio  of  the  moment  of  inertia  to  the  moment  of 
resistance,  the  slower  will  be  the  rate  of  extinction.  Both 
moment  of  inertia  and  moment  of  resistance  must  be  con- 
sidered ;  and  possibly  the  helm  would  be  brought  into 
action  to  assist  in  keeping  the  ship  on  her  new  course. 
Deep  draught,  considerable  length,  fine  entrance  and  run,  and 
other  features  which  lead  to  an  increased  resistance  to  rotation, 
are  not,  therefore,  altogether  disadvantageous.  They  make 
a  vessel  slower  in  acquiring  angular  velocity,  but  they  enable 
her  to  be  kept  well  under  control.  Shallow-draught  vessels 
are  not  unfrequently  less  manageable  by  the  helm  than  deep- 
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draught  vessels ;  they  quickly  acquire  angular  velocity,  and 
turn  rapidly,  but  ha've  comparatively  small  resistance  in  pro- 
portion to  the  moment  of  inertia,  and  are  not  easily  kept  on 
a  new  course, ''  steering  wildly  "  in  some  cases,  as  a  sailor 
would  say.  Vessels  of  the  circular  form  possess  great  moment 
of  inertia,  whereas  nearly  the  whole  resistance  to  rotation 
must  be  due  to  skin  friction,  and  can  be  but  of  moderate 
amount.  It  might,  therefore,  be  expected  that  these  vessels 
would  be  difficult  to  check  and  keep  on  any  desired  course 
if  they  had  been  turned  through  a  considerable  angle  and 
required  a  good  angular  velocity.  It  has,  in  fact,  been 
asserted  that  the  vessels  are  "  ungovernable "  under  the 
action  of  their  rudders ;  and  their  designer.  Admiral  Popoff, 
in  replying  to  these  criticisms,  dwelt  upon  the  manoeuvring 
power  obtained  by  the  unusual  number  of  their  propellers, 
not  claiming  for  them  great  handiness  under  the  action  of 
the  rudders  alone.* 

Experienced  seamen  declare  that,  when  a  steamer  has  head- 
way, and  the  helm  is  put  over,  "  the  head  appears  to  turn 
**  comparatively  slowly  while  the  stem  swerves  suddenly  to 
"  the  right  or  the  left."  t  This  is  quite  in  accordance  with 
theoretical  considerations.  Professor  Bankine  many  years 
ago  published  an  investigation  for  the  instantaneous  axis 
about  which  a  ship  should  begin  to  turn  when  the  rudder  was 
first  put  over,  on  the  supposition  that  the  first  action  of  the 
rudder  might  be  regarded  as  an  impulse.  His  construction 
for  this  instantaneous  axis  is  shown  in  Fig.  133.  The  length 
GL  represents  the  "  radius  of  gyration "  of  the  ship  about 
the  vertical  axis  passing  through  the  centre  of  gravity  G ;  and 
is  measured  on  the  line  HL  drawn  perpendicular  to  the  arm 
FG  of  the  couple.J    Join  FL,  and  produce  FG  to  M ;  draw 


*  See  a  lecture  delivered  at  Nico-  in  Naval  Science  for  1875. 

laiefif  in  1875,  of  which  a  translation  %  See  page  108  for  an  cxplana- 

appeared  in  Naval  Science,  tion  of  the  term  **  radius  of  gyra- 

t  See  an  interesting  article,  "  On  tion." 
Stem  way/'  by  Captain  Allen,  R.N., 
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ML  perpendicular  to  FL,  meeting  FM  in  the  point  M  ;  that 
point  will  be  the  '^  instantaneous  axis  "  about  which  the^s^ 
movement  of  the  ship  takes  place,  and  M  may  lie  considerably 
before  the  centre  of  gravity.  To  determine  the  instantaneous 
motion  of  any  point  in  the  ship,  it  is  only  necessary  to  join 
that  point  with  M,  and  to  describe  a  small  circular  arc  with 
M  as  centre.  It  will  be  understood  that  this  construction 
only  applies  to  the  motion  of  the  ship  at  the  first  moment 
after  the  rudder  is  put  over ;  and  in  practice  the  observation 
as  to  the  comparatively  slow  motion  of  the  head  applies 
to  the  earliest  movements.  If  the  motion  of  rotation  con- 
tinues, it  will  become  approximately  uniform,  and  the  centre 
of  gravity  will  travel  in  a  nearly  circular  path,  as  before  re- 
marked, the  motion  of  rotation  of  the  head  and  stem  being 
nearly  equal  to  one  another. 

Under  these  circumstances  the  forces  acting  upon  a  steam- 
ship would  be  as  follows :  (1)  the  propelling  force  delivered 
parallel  to  the  line  of  keel ;  (2)  the  water  pressure  delivered 
perpendicularly  to  the  surface  of  the  rudder ;  (3)  the  centri- 
fugal force,  which  may  be  considered  to  act  at  each  instant 
along  the  radius  of  the  circular  path  passing  through  the 
centre  of  gravity  of  the  ship ;  (4)  the  resistance  of  the  water 
to  the  motion  of  the  ship.  The  propelling  force  and  the 
centrifugal  force  act  at  each  instant  through  the  vertical  axis 
passing  through  the  centre  of  gravity  of  the  ship,  and,  there- 
fore,  do  not  tend  to  produce  rotation  about  that  axis ;  but  it 
is  otherwise  with  the  remaining  forces.  An  explanation  has 
already  been  given  of  the  turning  effect  of  the  rudder  pressure ; 
and  it  is,  therefore,  only  necessary  to  consider  briefly  that  of 
the  resistance.  This  is  really  the  most  difficult  feature  in  the 
problem,  and  can  only  be  dealt  with  here  in  general  terms. 

If  any  point  is  taken  on  the  circular  path  which  the 
centre  of  gravity  of  a  ship  traverses,  the  tangent  at  that 
point  determines  the  instantaneous  direction  in  which  the 
ship  as  a  whole  would  be  moving  when  the  centre  of  gravity 
occupies  that  position.  The  line  drawn  perpendicularly  to 
the  tangent  determines  the  direction  of  the  centrifugal  force. 
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Adding  to  the  centrifugal  force  the  component  of  the  radder 
piessnre  which  acts  in  the  same  direction,  the  sum  will 
express  the  force  which  at  that  instant  tends  to  make  the 
vessel  drift  outwards  from  the  centre  of  the  circle.  This 
force  will  be  balanced  by  the  "  lateral  resistance,"  it  being 
understood  that  this  lateral  resistance  differs  from  the 
resistance  that  would  be  experienced  if  the  ship  drifted 
broadside-on  without  headway  or  rotation.  The  motion  of 
rotation  constantly  makes  the  bow  of  the  ship  turn  inwards 
from  the  tangent  to  the  circular  path  along  which  her 
centre  of  gravity  is  supposed  to  travel;  and,  as  a  conse- 
quence, there  will  be  an  accumulation  of  pressure  on  the 
outer  (or  lee)  bow.  It  will  in  fact  be  seen,  on  consideration, 
that  the  circumstances  at  each  instant  are  not  unlike  those 
described  in  a  previous  chapter  for  a  ship  sailing  on  a  wind. 
The  exact  measure  of  this  excess  of  pressure  on  the  outer 
bow  is  a  difficult  matter ;  but  of  the  existence  of  such  an 
excess  there  can  be  no  question.  The  line  of  action  of  the 
resultant  pressure  due  to  this  excess  and  to  the  broadside 
drift  will  be  situated  before  the  centre  of  gravity ;  and  the 
moment  of  the  resultant  about  the  centre  of  gravity  will 
assist  the  moment  of  the  rudder  pressure  in  turning  the  ship. 
When  the  angular  velocity  has  become  constant,  the  sum  of 
the  moments  of  the  rudder  pressure  and  the  lateral  resistance 
will  equal  the  moment  of  the  resistance  to  rotation.* 

Headway  is,  therefore,  a  considerable  advantage  to  a  ship 
in  increasing  the  rapidity  of  her  turning,  not  merely  by 


*  It  may  be  interesting  to  note 
in  this  connection  a  fact  which  Mr. 
Froude  has  brought  to  the  know- 
ledge of  the  Author.  In  the  ex- 
periments on  the  resistance  of 
models  it  has  been  found  that, 
when  the  towing  strain  is  delivered 
parallel  to  the  line  of  the  keel,  the 
least  disturbing  cause  will  produce 
a  departure  from  a  perfect  balance 
in  the  stream-line  motions  on  either 


side,  and  will  make  the  models 
"  slew  "  to  one  side  or  the  other  of 
their  original  course,  unless  means 
are  taken  to  check  the  deviation. 
This  illustrates  the  fact  that  even 
when  a  vessel  is  moving  on  a 
straight  course,  with  the  stream- 
line motions  on  either  side  perfectly 
symmetrical,  their  equilibrium  is 
WMtahU, 
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making  the  water  pressure  on  the  rudder  greater,  but  by 
adding  to  the  turning  moment  of  the  lateral  resistance.  It 
will  also  be  seen  that,  since  the  line  of  action  of  the  lateral 
resistance  is  situated  considerably-  before  the  centre  of 
gravity,  it  is  desirable  to  place  the  rudder  as  far  aft  of  that 
line  of  action  as  may  be  convenient.  In  other  words,  the 
stem  is  the  most  advantageous  position  for  the  rudder  when 
a  ship  is  moving  ahead.  If  she  were  moving  astern,  the 
conditions  would  be  reversed,  and  the  bow  would  be  the 
best  place  for  the  rudder ;  and  it  is  a  matter  of  common 
experience  that  in  *•' double-bowed "  vessels,  intended  to 
steam  in  either  direction,  and  fitted  with  a  rudder  at  each 
end,  the  after  rudder  is  usually  employed  and  the  fore 
rudder  locked  fast. 

When  ships  are  turning  under  the  action  of  their  rudders, 
they  heel  and  change  trim.  Longitudinal  inclinations 
arising  from  this  cause  are  so  small  as  to  be  of  no  practical 
importance,  and  frequently  they  are  scarcely  appreciable. 
Transverse  inclinations  are  much  greater  than  the  longi- 
tudinal. The  explanation  of  this  heeling  suggested  by 
Euler  and  the  early  writers  is  very  simple,  but  insu£Scient. 
In  Fig.  133  the  resultant  pressure  on  the  rudder  was  supposed 
to  be  delivered  at  the  depth  of  the  centre  of  gravity  of  the 
immersed  area,  the  transverse  component  of  that  pressure 
acting  at  some  distance  below  the  centre  of  gravity  of  the 
ship.  Let  h  be  this  distance,  a  the  angle  of  helm,  and  P 
the  normal  pressure:  then  P  cos  a  is  the  transverse  com- 
ponent of  the  pressure,  and  PA  cos  a  will  be  the  moment  to 
produce  inclination.  If  W  be  the  weight  of  the  ship,  m  her 
metacentric  height,  and  P  the  angle  of  inclination  attained 
in  turning,  then,  according  to  the  old  explanation, 

P  .  A  .  cos  a  =  W  .  w  .  sin  )8. 

This  equation  omits  all  consideration  of  the  effect  of  the 
fluid  resistance  and  centrifugal  force;  it  could  only  hold 
approximately  at  the  first  instant,  supposing  the  rudder  to  be 
put  over  very  quickly,  before  the  ship  acquires  any  sensible 
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angular  yelocity.  Moreover,  in  that  case,  the  pressure  on  the 
mdder  would  be  applied  so  suddenly  that  the  inclination 
attained  by  the  ship  would  almost  certainly  be  greater  in 
the  early  part  of  the  motion  than  the  value  of  fi  deduced 
from  the  above  equation ;  and  the  case  would  be  one  to  be 
dealt  with  by  the  method  of  dynamical  rather  than  statical 
stability.*  Little  practical  interest  attaches  to  this  part  of 
the  subject,  and  therefore  it  will  not  be  followed  out  in 
more  detail.  The  steady  inclinations  attained  by  ships  in 
turning  furnish  conclusive  evidence  of  the  action  of  dis- 
turbing forces  greatly  exceeding  in  moment  the  transverse 
component  of  the  rudder  pressure :  besides  which  the  rudder 
pressure  would  tend  to  make  ships  heel  inward,  towards  the 
centres  of  the  circles  in  which  they  turn,  whereas  in  practice 
ships  commonly  heel  outwards.  For  example,  ships  weighing 
8000  or  9000  tons,  with  metacentric  heights  of  3  or  4  feet, 
have  been  observed  to  heel  3  or  4  degrees  in  turning ;  and 
the  most  liberal  estimate  for  the  inclining  effect  of  the  rudder 
pressure,  according  to  the  above  method,  would  not  account 
for  more  than  one-fourth  of  the  observed  inclination.  The 
unequally  distributed  pressures  due  to  the  motion  of  the 
water  relatively  to  the  ship  must,  therefore,  produce 
the  transverse  inclination.  The  force  of  lateral  resistance 
described  above  is  usually  delivered  below  the  centre  of 
gravity,  through  which  point  the  centrifugal  force  acts,  and 
these  two  forces  form  an  inclining  couple.  If  in  future 
trials  of  turning  the  circumstances  noted  should  include 
careful  record  of  the  inclinations  accompanying  different 
speeds,  helm  angles,  and  times  of  turning,  the  subject  may 
receive  further  elucidation. 

Circle-turning  trials  are  usually  made  with  the  ships  of 
the  Royal  Navy,  and  with  ships  of  war  belonging  to  foreign 
navies ;  and  from  the  results  of  these  trials  it  is  possible  to 


See  the  remarks  on  the  effect  of  suddenly  applied  foroea,  at  |iac:e  135. 
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deduce  some  valuable  principles  and  facts.*    The  following 
are  a  few  of  the  most  important : — 

(1)  The  curve  described  by  a  steamship  in  turning  differs 
very  little  from  a  circle  if  the  evolution  is  performed  in 
smooth  water  and  light  winds.  Admiral  Boutakoff  asserts 
as  the  result  of  numerous  experiments  that  the  curve  may 
for  all  practical  purposes  be  treated  as  a  circle,  and  that  the 
lateral  distance  between  the  starting-point  and  the  place 
of  the  ship  when  she  has  turned  through  360  degrees  rarely 
exceeds  the  breadth  of  the  ship.  M.  Lewal,  of  the  French 
navy,  has  drawn  attention  to  the  fact  that  the  time  occupied 
in  putting  the  helm  hai*d  over,  and  that  which  the  ship  takes 
in  acquiring  uniform  angular  velocity,  must  affect  the  form 
of  the  earliest  part  of  her  path,  and  make  it  depart  more  or 
less  from  a  circle.t  The  magnitude  of  the  lateral  resistance 
also  affects  the  initial  motion  of  the  ship,  because  at  the 
instant  when  the  helm  is  put  over  the  ship  has  a  certain 
momentum  in  the  direction  of  her  advance,  and  this  tends 
to  make  her  continue  moving  in  the  same  direction  for  a 
time.  In  shallow-draught  ships  this  feature  is  most  marked. 
As  a  matter  of  fact,  the  curve  traversed  appears  to  bring 
most  ships  a  little  within  a  true  circle  when  they  have 
turned  completely  round,  and  regained  the  course  upon 
which  they  were  steaming  when  the  helm  was  put  over. 

(2)  The  diameter  of  the  circle  has  been  found  to  vary 
between  six  and  eight  times  the  Ungth  of  the  ship  when 
ordinary  rudders  have  been  used  in  association  with  manual 
power  only  at  the  steering  wheels.  With  manual  power  and 
balanced  rudders,  the  diameter  has  been  reduced  to  four  or 
five  times  the  length.  With  stfam-steering  or  good  hydraulic 
gear,  and  ordinary  rudders,  the  diameter  has  been  about  four 


*  For  much  information  respect-  and  M.  Disl^re's  Marine  cuirass^, 
ing  such  trials,  see  Mr.  Bamaby's  f  Principes  des  Evolutions  no- 

paper  "On  Steering  Ships,'*  in  the  vales;    see  also  an  able  notice  of 

Transactions  of  the  Institution  of  this   work  in   Naval    Science   for 

Naval  Architects  for  1863;  Admi-  1874. 
ral  BoutakoflTs    Tactiques  navales, 

2  Q 


594  NAVAL  ARCHITECTURE.  chap.  xiv. 

times  the  length ;  with  steam-steering  and  balanced  radders, 
the  diameter  has  fallen  to  less  than  three  times  the  length  in 
some  cases,  but  in  others  reached  nearly  five  times.  These 
results  have  been  obtained  with  large  ships ;  in  small  yessels, 
manual  power  applied  to  ordinary  ruddei's  commonly  suffices 
to  turn  them  in  circles  of  which  the  diameter  is  only  three  or 
four  times  the  length.  It  will  be  understood  that  in  all  cases 
the  propellers  are  working  full  speed  ahead  when  these  results 
are  obtained.  As  the  speed  is  reduced,  the  diameter  of  the 
circle  usually  becomes  smaller  in  ships  with  ordinary  rudders 
and  manual  power  at  the  steering  wheels ;  but  with  balanced 
rudders  or  steam  steering,  where  there  is  no  sensible  difference 
in  the  times  occupied  in  putting  the  helm  hard  over  at  the 
different  speeds,  there  is,  as  a  rule,  comparatively  little 
difference  between  the  diameters  of  the  circles  turned  at  full 
and  half-boiler  power. 

(3)  The  time  occupied  in  putting  the  helm  hard  over 
exercises  a  considerable  influence  on  both  the  time  occupied 
in  turning  the  circle  and  upon  its  diameter ;  but  more 
particularly  affects  the  latter.  As  an  illustration  of  this, 
the  trials  of  the  sister  ships  Hercules  and  Sultan  may  be 
cited.  The  latter  has  steam-power  applied  to  her  balanced 
rudder,  which  can  be  put  over  in  about  half  the  time  occupied 
by  the  manual  power  in  the  Hercules.  The  diameter  of  the 
circle  in  the  Hercules  was  nearly  twice  as  great  as  that  for 
the  Sultan  ;  the  time  of  turning  for  the  Sultan  was  rather 
less  than  that  for  the  Hercules,  although  the  speed  was  half 
a  knot  less.  It  will  be  evident  that  the  distance  traversed 
by  a  ship  in  turning  will  depend  upon  the  rapidity  with 
which  her  uniform  angular  velocity  is  acquired,  the  rate  of 
that  velocity,  and  the  check  to  her  headway,  all  of  which 
will  be  affected  by  the  time  occupied  in  putting  the  helm 
up.  By  means  of  balanced  rudders  or  steam  steering,  the 
mean  angular  velocity,  or  speed  with  which  the  ends  of  a 
ship  turn  relatively  to  the  middle,  has  in  some  cases  been 
almost  doubled  as  compared  with  the  results  obtained  with 
ordinary  rudders  and  manual  power. 
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(4)  Other  things  remaining  unchanged,  an  increase  in  the 
rudder  area  is  most  influential  in  diminishing  the  space 
traversed  in  turning ;  and  this  diminution  may  be  of  the 
greatest  value  to  a  war-ship  intended  to  act  as  a  ram.  This 
point  has  been  illustrated  by  the  performances  of  the  SuUan 
and  Herculei  with  their  rudders  acting  as  simple  balanced 
rudders,  and  with  the  after  parts  of  the  rudder  alone  at  work. 
Further  it  appears  that  increased  rudder  area  and  helm  angle 
may,  in  some  cases,  check  the  headway  so  much  as  to  produce 
no  greater  turning  effect  than,  if  so  great  as,  would  be 
produced  by  smaller  rudders  and  less  helm  angles.  In  his 
experiment  on  the  gunboat  Ddight  with  balanced  rudders  of 
different  sizes.  Admiral  Sir  Cooper  Key  found  that  the  largest 
rudders  diminished  the  space  traversed  in  turning,  made  the 
time  of  turning  the  first  quadrant  less  (that  is,  enabled 
the  full  angular  velocity  to  be  more  quickly  attained),  but 
somewhat  increased  the  time  of  completing  the  circle,  in 
consequence  of  the  greater  check  to  the  headway. 

(5)  For  the  same  ship,  with  the  same  angle  of  helm  and 
about  the  same  time  occupied  in  putting  the  helm  over,  the 
time  occupied  in  turning  the  circle  appears  to  vary  nearly 
inversely  as  the  speed.  Take,  for  example,  the  following 
published  results  for  the  Warrior  and  Hercules : — 


Warrior, 

Hercvlea, 

Speeds. 

Times 

of  Taming 

Circle. 

Products 
of  Speeds 
by  Times. 

Speeds. 

Times 

of  Turning 

Circle. 

Products 
of  Speeds 
by  Times. 

Knots. 

3 

6 

9 

12 

Min.       Sec 

28       46 

15       30 

10      40 

8      45 

7      21 

86-3 

93 

96 
105 
104-1 

Knots. 

6 

8 
10 
12i 
14-7 

Min.     Sec. 
9          32 
7        21 
6        22 
4        28 
4          0 

57-2 
68-8 
63-6 
64-2 
58-8 

This  rule  may  be  of  some  service  in  approximating  to  the 
time  that  will  be  occupied  in  turning  at  any  selected  speed 
when  the  performance  at  some  other  speed  is  known. 

2  Q  2 
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(6)  Up  to  helm  angles  of  40  degrees,  the  turning  power  of 
the  rudder  has  been  found  to  increase  with  increase  in  the 
helm  angle.  Theoretically,  if  the  streams  impinged  upon  the 
rudder  parallel  to  the  keel-line,  and  the  effective  pressure  on 
the  rudder  varied  with  the  sine  of  the  angle  of  inclination, 
45  degrees  would  be  the  angle  of  maximum  turning  effect. 
This  may  be  seen  very  easily.  Using  the  notation  of  p€ige 
571,  the  moment  of  the  pressure  (P)  on  the  rudder  will  vary 
very  nearly  as  the  product  P  x  GA  cos  a  (I'ig.  1 33) ;  the 
distance  AC  from  the  axis  to  the  centre  of  effort  of  the 
rudder  being  very  small  as  compared  with  AG.  Hence, 
approximately, 


Moment  of  pressure  on  I      p     p  . 
rudder  about  G      .  | 


cos  a 


=  Pi  sin  a  X  GA  cos  a 
=  JPi  sin  2a  GA. 

This  will  have  its  maximum  value  when  sin  2  a=l  and  a  = 
45  degrees.  Balanced  rudders  are  usually  arranged  so  that 
they  can  be  put  over  to  40  degrees ;  ordinary  rudders  are 
seldom  put  over  beyond  35  degrees,  and  with  manual  power 
only,  the  angle  seldom  exceeds  25  degrees  in  large  screw- 
steamers. 

When  manual  power  only  is  used,  as  in  the  great  majority 
of  ships,  it  becomes  important,  with  ordinary  rudders,  to 
decide  between  the  relative  advantages  of  the  area  and  helm- 
angle  which  are  possible  with  a  certain  power  available  at 
the  tiller-end.  Mr.  Barnes  (Surveyor  of  Dockyards)  drew 
attention  to  this  matter  some  years  ago,  basing  his  investi- 
gation on  the  old  law,  that  the  effective  pressure  on  the 
rudder  varied  as  the  square  of  the  sine  of  the  angle  of 
inclination.*  Adopting  the  law  of  the  sine,  it  may  be 
interesting  to  make  a  similar  comparison  between  a  narrow 
rudder  held  at  a  certain  angle  by  a  given  force  at  the  tiller- 


*  See  his  paper  in  the   Tranzactiiynz  of  the    Institution  of    Naval 
Architects  for  1864. 
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end,  and  a  broader  rudder  of  equal  depth  held  at  a  smaller 
angle  by  the  same  force.  Let  it  be  supposed  that  the 
rudders  are  of  similar  form;  so  that  their  areas  and 
the  distances  of  their  centres  of  effort  (C,  Fig.  132)  from  the 
axis  will  be  proportional  to  the  extreme  breadths,  Bi  and  B^. 
Then  for  the  narrow  rudder  we  may  write, 

Area  of  rudder  =  Si  =  depth  of  rudder  x  Bi  x/=/ .  (2  .  Bi, 

where /is  some  fraction  of  the  breadth  applicable  to  both 
rudders.  Using  the  notation  previously  adopted,  a^  being 
the  helm-angle. 

Pressure  on  rudder  =  K  .  Si .  V  sin  ai 

=  K  .fd  .  V^  .  Bi  sin  oi  =Ci .  Bi  sin  oj. 

Ttr         4,   c  I.    XI      f  pressure  X  AC 

Moment  of  pressure  about  r>.  t»     .  ^ 

™-.  .r_^^.-  =,^=CiBismai  xr.Bi 


axis  of  rudder 


l  =  r  Ci  xBi^  sin  a,. 


If  S3  be  the  area  of  the  broad  rudder,  a^  its  angle,  B,  its 
breadth,  similar  expressions  will  hold  for  it,  the  constants  C, 
and  T  being  identical.  Hence,  in  order  that  the  moments  of 
pressure  about  the  axes  of  the  rudders  may  be  equal,  we 
must  have, 

Ci  r  .  Bi'  sin  ai  =  Cj  r  .  Ba*  sin  a^ 

sin  tti     Ba^ 

whence,  -: =  tt-o* 

sin  Oa     Bi 

The  last  equation  succinctly  expresses  the  relation  which 
must  hold  when  the  force  applied  at  the  tiller-end  is  the 
same  in  both  cases. 

For  the  turning  effect  of  either  rudder,  we  may  take 

Turning  effect  =  pressure  x  AG  x  cos  of  helm-angle ; 

and,  since  AG  is  the  same  for  both  rudders. 

Turning  effect  of  narrow  rudder  _  Bi  sin  a^  cos  a^  ^  Ba  cos  ax 
Turning  effect  of  broad  rudder  ""  Bj  sin  a^  cos  oa""  Bi  cos  Oj' 

Suppose,  as  an  example,  the  narrow  rudder  put  over  to  40 
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degrees  and  the  broad  to  20  degrees  by  the  same  force  on 
the  tiller-end : 


/sin  40°  /0-643      ,  „  ^ 

B^  =  Bi  VslKW^Bi  V  0^342=  ^'^^  ^^• 

Tuming^flFect  of  narrow  rudder  ^  ^.^^  cos  40° 
Turning  effect  of  broad  rudder  cos  20° 

,„     0-766     ,,  ,        ,   ^ 

The  broad  rudder,  with  an  area  37  per  cent,  greater  than 
the  narrow  one,  has  therefore  less  turning  effect  by  about 
11  per  cent.  If  the  ship  had  sail-power  as  well  as  steam, 
the  smaller  area  of  the  narrow  rudder  would  have  the 
further  advantage  of  checking  the  headway  less  when  tiie 
ship  was  manoeuvring  under  sail  alone. 

Various  rules  have  been  used  for  determining  the  area  of 
the  rudder  for  a  new  ship.  For  sailing  ships  of  former  types, 
having  lengths  about  3^  to  4  times  the  beam,  the  extreme 
breadth  of  the  rudder  was  commonly  made  one4hirtieth  of  the 
length,  or  one-^hth  of  the  breadth  of  the  ship.  The  mean 
breadth  of  a  rudder  commonly  varied  between  seven-tenths 
and  nine-tenths  of  the  extreme  breadth.  For  steamships  a 
similar  rule  is  used,  the  extreme  breadth  of  the  rudder  being 
made  from  one-fortieth  to  one-sixtieth  of  the  length.  Mr. 
Scott  Bussell  has  proposed  to  make  a  slight  modification  of 
this  rule,  the  extreme  breadth  of  the  rudder  being  one-fiftieth 
of  the  length  plus  1  foot.  Another  mode,  commonly  used  for 
English  and  foreign  ships  of  war,  is  that  by  which  the  area 
of  the  immersed  part  of  the  rudder  is  proportioned  to  the 
area  of  that  part  of  the  longitudinal  middle-line  section  of 
the  ship  situated  below  the  load-line ;  the  same  area  which 
is  made  use  of  in  determining  the  "  centre  of  lateral  resist- 
ance "  for  sailing  ships  (see  page  482).  As  the  area  of  this 
section  depends  upon  the  product  of  the  length  of  the  ship 
into  the  mean  draught,  while  the  rudder  area  depends  upon 
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the  product  of  its  breadth  into  the  draught  of  water  aft,  it 
will  be  seen  that  this  rule  agrees  in  principle  with  the  old  rule^ 
In  sailing  ships,  the  rudder  area  was  often  about  one-thirtieth 
or  one-fortieth  of  the  area  of  the  middle-line  plane ;  in  the 
screw  line-of-battle  ships  and  frigates,  similar  values  were 
common ;  from  one-fortieth  to  one-fiftieth  are  common  values 
in  ironclad  ships  of  moderate  length  with  ordinary  rudders. 
In  the  long  ironclads  of  the  Warrior  and  Minotaur  classes, 
the  rudder  area  varies  between  one-fiftieth  and  one-sixtieth  of 
the  area  of  the  middle-line  plane ;  whereas  in  the  ironclads 
fitted  with  balanced  rudders  it  rises  to  one-thirtieth,  and  in 
some  recent  types  in  the  French  navy  and  in  the  Bussian 
circular  ironclads  has  been  made  one-twentieth.  One-fortieth 
would  probably  be  a  fair  average  for  steamships  of  war. 

None  of  these  rules  can  be  regarded  as  entirely  satisfactory ; 
because  they  take  no  cognisance  of  the  law  of  variation 
of  the  resistance  to  rotation.  When  the  angular  velocity  has 
become  constant,  that  resistance  varies  nearly  as  the  square 
of  the  angular  velocity ;  and  the  moment  of  the  pressure  on 
the  rudder  should  be  proportioned  thereto.  In  fact,  it  appears 
on  investigation  that  the  pressure  on  the  rudder,  which — 
other  things  being  equal — depends  upon  the  rudder  area, 
should  in  similar  ships  vary,  not  with  the  area  of  the  middle- 
line  plane,  but  with  the  product  of  that  area  into  the  square 
of  the  length,  if  the  speed  of  turning  is  to  be  equal,  after  the 
motion  has  become  uniform.  If  regard  is  had  to  the  initial 
motions  of  the  ships  under  the  action  of  their  rudders,  the 
moments  of  the  pressure  on  the  rudder  should  be  made  pro- 
portional to  the  moments  of  inertia  of  the  ships.  In  other 
words,  the  products  of  the  rudder  areas  into  the  lengths  of 
similar  ships  should  be  proportional  to  the  moments  of 
inertia,  which  will  involve  the  product  of  the  displacements 
into  the  squares  of  the  lengths.  The  displacements  will 
vary  as  the  cubes  of  the  lengths ;  the  moments  of  inertia  will 
therefore  vary  as  the  fifth  powers ;  the  area  of  the  middle-line 
plane  will  vary  as  the  square ;  and  therefore,  under  this  mode 
of  viewing  the  question,  the  rudder  areas  should  be  propor- 
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tional  to  the  products  of  the  areas  of  the  middle-line  planes 
into  the  squares  of  the  lengths.  Expressed  algebraically,  if 
Ai  and  A,  are  the  areas  of  the  middle-line  planes  of  two 
similar  ships;  Oi  and  a,  the  rudder  areas;  Z,  and  ^  the 
lengths :  the  rule  would  be, 

This  would  give  a  much  larger  area  to  the  rudders  of  long 
ships  than  is  commonly  adopted ;  and,  as  a  matter  of  &yctj 
long  ships  usually  turn  more  slowly  than  short  ships  in 
consequence  of  their  proportionately  small  rudders. 

Great  differences  of  opinion  have  been  expressed  respecting 
the  best /orm  for  rudders.    In  Fig.  134  a  few  of  the  com- 
moner forms  are   illus- 
d   trated.      The    balanced 
rudder  a  has  been  pre- 
viously described ;    h  is 
a   form  much  in  vogue 
for  the  older  classes   of 
sailing    ships    and    un- 
armoured  screw-ships  of 
the    Royal    Navy,    the 
broader  part  being  near 
the  heel  of  the  rudder, 
and  the  narrower  part  near  the  water-line;  c  is  a  form 
now  commonly  used  in  the  steamships  of  the  Royal  Navy  ; 
d  is  the  opposite  extreme   to  i,  the  broadest  part  of  the 
rudder  being  placed  near  the  water-line :  this  form  is  much 
favoured   in  the  mercantile  marine,  especially  for  sailing 
ships,  and  is  recommended  on  the  ground  that  the  lower 
part    of    a    rudder  is  less    useful    than   the   upper   part; 
but  this  is  a  misconception  of  the  real  facts  of  the  case. 
From  the  remarks  made   on  page  573  as  to  the  unequal 
motion  of  the  currents  in  the  wake  of  a  ship,  it  appears  that 
the  fineness  of  the  run  near  the  keel  should  make  the  lower 
part  of  the  rudder  the  most  effective ;  and  this  has  been 
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verified  experimentally.*  Hence  it  seems  probable  that, 
with  the  form  of  rudder  d,  the  narrower,  lower  part  does  quite 
as  much  work  in  steering  as  the  broader,  upper  part :  whereas, 
by  tapering  the  rudder,  the  power  required  to  put  the  helm 
over  is  made  considerably  less  than  it  would  be  if  the  breadth 
were  uniform.  These  considerations  would  not  have  equal 
force  in  screw-steamers  where  the  rudder  is  placed  abaft  the 
screws ;  and  then  the  form  c  is  to  be  preferred,  as  the  broadest 
part  of  the  rudder  is  much  less  likely  to  be  emerged  by 
pitching  than  with  the  form  d.  In  some  vessels,  to  obtain 
greater  command  over  their  movements,  the  keel  has  been 
deepened  aft,  and  the  rudder  thus  made  to  extend  below  the 
body  of  the  ship  into  less  disturbed  water.  The  case  of  the 
Chinese  junks  previously  mentioned  also  bears  out  the 
advantages  obtained  by  placing  rudders  in  water  which  has 
a  maximum  sternward  velocity  relatively  to  a  ship.  In  the 
floating  batteries  built  during  the  Bussian  war,  "drop- 
pieces  "  were  fitted  at  the  bottom  of  the  rudder,  and  hinged 
to  the  heel,  so  that,  when  the  rudder  was  put  over,  they  might 
drop  down  below  the  keel  and  increase  the  steerage.  The 
results  in  this  case  were  not  entirely  satisfactory,  but  the 
circumstances  of  these  vessels  were  peculiar. 

A  few  special  forms  of  rudders  may  be  mentioned  before 
passing  on. 

One  proposed  by  Professor  Bankine  some  years  ago  for 
screw-steamers  was  to  be  on  the  balanced  principle,  but 
to  have  curved  sides,  in  order  that  the  propeller  race  in 
passing  might  communicate  a  pressure  which  should  have 
a  forward  component  and  help  the  ship  ahead  to  a  small 
extent. 

Quite  recently,  Herr  Schlick  has  proposed  a  very  similar 


*  See  tlie  account  of  an  experi-  breadth,  divided    into   two    equal 

ment  made  by  Mr.  Froude,  cited  by  parts  at  the  middle  of  the  depth, 

Dr.    Woolley,    in    a    paper    "  On  and  the  lower  half,  when  fixed  at 

Steering  Ships,"  read  at  the  British  10  degrees  only,  lialanced  the  upper 

Association  in  1875.    A  model  was  half  fixed  at  20  degrees  when  the 

fitted  with  a  rudder  of   imiform  model  was  towed  ahead. 
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rudder,  the  surface  of  which  is  to  be  twisted,  so  that  the 
currents  driven  obliquely  from  the  screw-propeller  may 
move  freely  past  the  rudder  when  it  is  amidships,  and  not 
impin<[^e  upon  its  surface  as  they  do  upon  that  of  an 
ordinary  rudder.  By  this  change  it  is  supposed  that  two 
advantages  will  be  gained :  (1)  there  will  be  little  or  no 
check  to  the  headway  of  a  ship  when  the  helm  is  amidships ; 
(2)  steering  power  will  be  obtained  from  all  parts  of  the 
rudder  surface  immediately  the  helm  is  put  over  to  either 
side,  whereas  with  plane-surfaced  rudders,  placed  behind 
screw-propellers,  this  is  not  the  case.  Experiments  made  at 
Fiume  with  small  vessels  are  said  to  have  demonstrated 
the  great  superiority  of  the  new  rudder  in  both  these 
particulars ;  and  its  more  extended  use  is  regarded  as 
certain.* 

Another  special  form  is  the  Joessel  rudder,  first  introduced 
into  the  French  navy,  favourably  reported  upon  after  trial 
in  several  ships,  and  now  about  to  be  tried  in  a  few  ships 
of  the  Koyal  Navy.  This  rudder  is  usually  made  on  the 
balanced  principle ;  but  instead  of  being  formed  in  one  solid 
blade,  as  in  Fig.  130,  it  consists  of  two  or  three  blades  set 
parallel  to  one  another,  and  turning  about  one  axis.  The 
streams  of  water  can  pass  between  the  parallel  blades,  and 
the  additional  surface  upon  which  the  water  can  operate  is 
said  to  sensibly  increase  the  useful  eflfect  of  the  rudder. 
In  these  rudders  the  joint  area  of  the  parts  of  the  blades 
situated  before  the  axis  is  said  not  to  exceed  one-fourth  the 
joint  area  of  the  parts  abaft  the  axis. 

Another  special  rudder  is  that  patented  by  Sir.  Gumpel. 
It  is  a  balanced  rudder  as  to  suspension,  but  it  is  carried  on 
crank-arms ;  and  the  fore  edge  has  attached  to  it  a  vertical 
pintle,  which  works  freely  in  a  fore-and-aft  slot  cut  in  the 
counter  of  the  ship.  When  the  helm  is  put  over,  therefore, 
the  fore  edge  of  the  rudder  is  constrained  to  remain  at  the 
middle  line,  the  rudder  being  moved  bodily  over  to  one  side 


*  See  an  acoount  of  the  experiments  in  the  Rtvitt  maritime  for  April  1877. 
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of  the  keel  by  means  of  its  crank-arms.  It  is  asserted  that 
the  force  required  at  the  tiller-end  to  hold  the  rudder  at 
any  angle  is  less  than  that  for  an  ordinary  rudder ;  and  the 
crank-arms  can  be  so  proportioned  that,  when  the  rudder  is 
hard  over,  little  or  no  force  is  required  at  the  tiller  to  hold 
it  there.  Mr.  Gumpel  has  tried  the  rudder  in  a  small  steam 
yacht  with  great  success ;  but  it  has  not  been  tested  on  a 
large  scale.  The  plan  is  an  ingenious  one,  but  now  that 
balanced  rudders  are  giving  way  to  ordinary  rudders  moved 
by  steam-power,  there  is  not  much  probability  that  trials 
will  be  made;  and  there  are  obviously  greater  risks  of 
damage  and  dei*angement  with  this  rudder  than  with  simple 
balanced  rudders. 

Mr.  Lumley  proposed  to  make  ordinary  rudders  in  two 
parts,  hinging  the  after  part  t<f  the  fore  part,  which  was 
attached,  in  the  usual  way,  to  the  sternpost.  When  the 
helm  was  put  over  to  any  angle,  it  moved  the  fore  part  of 
the  rudder  through  an  equal  angle  ;  but  the  after  part  was 
made  to  move  over  to  a  greater  angle  by  means  of  a  simple 
arrangement  of  chains  or  rods,  and  thus  a  greater  pressure 
on  the  rudder  was  obtained.  Several  ships  were  fitted  on  this 
plan,  and  it  was  favourably  reported  upon  in  some  cases,  but 
has  now  fallen  into  disuse,  at  least  in  the  Boyal  Navy,  the 
principal  reason  probably  being  that  the  apparatus  for  work- 
ing the  after  part  of  the  rudder  was  liable  to  derangement. 

Of  the  auxiliary  appliances  fitted  to  increase  the  steering 
power  of  ships,  the  most  important  are  how  rudders.  These 
rudders  are  rarely  fitted  except  in  vessels  which  are  required 
to  steam  with  either  end  foremost ;  either  to  avoid  the 
necessity  for  turning,  or  to  be  capable  of  service  in.  rivers  or 
narrow  waters  where  there  is  little  room  for  turning,  or  to 
meet  some  other  special  requirement.  In  nearly  all  cases, 
moreover,  arrangements  are  made  by  which  such  rudders  can 
be  locked  fast  in  their  amidship  position  when  the  ship  is 
steaming  ahead.  Few  ships  of  the  Koyal  Navy  are  thus 
fitted.      The  jet-propelled   Waierwitchy  intended  to  steam 
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indiflferently  with  either  end  foremost,  is,  we  believe,  the 
largest  ship  of  war  fitted  with  a  bow  rudder ;  but  many 
coast-defence  and  river-service  gunboats  have  bow  rudders 
which  are  used  when  steaming  astern.  The  cable-ship 
Faraday  also  had  two  rudd^^rs,  but  only  to  facilitate  her 
manoeuvring  when  moving  astern,  in  which  case  the  stern 
rudder  was  usually  locked  in  its  amidship  position.  Many 
double-bowed  passenger  steamers  for  river  service  are 
similarly  fitted,  the  after  rudder  only  being  used  at  any  time. 
Before  balanced  rudders  and  mechanical  steering  gear  had 
increased  the  speed  of  turning  for  large  ships,  the  desirability 
of  using  bow  rudders  in  association  with  stem  rudders  was 
considered ;  but  the  plan  was  not  adopted.  It  has  been 
again  and  again  revived  since  that  time,  but  seldom  favourably 
received.  Several  obvious  objections  to  fitting  bow  rudders 
which  should  be  used  when  going  ahead  will  at  once  occur 
to  the  reader.  First,  and  very  important  in  a  war-ship,  it 
would  be  far  more  liable  to  damage  or  derangement  fix>m 
collision  or  blows  of  the  sea  than  a  stem  rudder.  Further,  a 
bow  rudder  of  moderate  size  put  over  to  a  good  angle  must 
cause  a  considerable  increase  of  resistance  and  disturbance  of 
the  flow  of  water  relatively  to  the  ship.  It  must  also  be 
a  matter  of  some  difiiculty  to  secure  eflScient  simultaneous 
action  of  two  rudders  placed  at  the  extremities  of  a  large 
ship.  Bow  rudders  are  usually  hinged  at  the  after  edge  to 
the  body  of  the  ship ;  and  consequently  when  they  are  put 
over,  to  any  angle,  in  a  ship  moving  ahead,  there  must  be 
an  accumulation  of  pressure  on  the  fine  part  of  the  bow  abaft 
the  rudder,  on  the  side  to  which  the  rudder  is  put  over. 
This  additional  pressure  resembles  that  previously  described 
(see  page  577)  as  acting  on  the  deadwood  or  sternpost  before 
an  ordinary  stern  rudder :  only  in  that  case  it  was  shown  to 
act  wiih  the  rudder  pressure  in  turning  the  ship,  whereas  at 
the  bow  the  additional  pressure  acts  against  the  rudder 
pressure,  and  diminishes  its  turning  effect.  If  bow  rudders 
have  to  b^  used,  it  is  therefore  advantageous  to  make  them 
on  the  balanced  principle;   the  streams  flowing   past  the 
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back  of  the  rudder  when  it  is  put  over  need  not  then  impinge 
so  directly  upon  the  hull,  and  cause  a  loss  of  rudder  power. 

Steering  screws  have  also  been  suggested  as  a  means  of 
considerably  increasing  the  speed  of  turning,  or  of  enabling 
a  single-screw  steamship  to  turn  without  headway.  The 
principle  of  most  of  these  proposals  is  to  fit  a  screw  of 
moderate  size  in  the  deadwood  either  forward  or  aft,  in  ffuch 
a  manner  that,  when  set  in  motion  by  suitable  mechanism, 
its  thrust  shall  be  delivered  at  right  angles  to  the  keel- 
line.  Small  manojuvring  screws,  driven  by  manual  power, 
had  been  previously  proposed  and  tried  in  sailing  ships  ;  but 
Mr.  Bamaby,  we  believe,  first  suggested  the  use  of  similar 
and  larger  screws,  driven  by  steam-power,  for  the  Warrior 
and  Minotaur  classes  of  the  Royal  Navy :  proposing  to  fit 
the  steering  screws  at  the  bows  of  these  ships,  in  apertures 
cut  in  the  deadwood  for  the  purpose.*  Subsequently 
the  Astronomer  Royal,  Sir  George  Airy,  proposed  a  similar 
screw,  but  suggested  that  it  should  be  placed  in  the  after 
deadwood,  below  the  main  propeller  shaft.  Other  proposals 
of  a  similar  character  have  also  been  made ;  but  we  are  un- 
aware of  any  trials  having  been  made  on  actual  ships.  There 
can  be  no  doubt  as  to  the  manoeuvring  power  that  might  thus 
be  obtained;  but  considerable  practical  difficulties  would 
have  to  be  overcome  in  carrying  the  plan  into  practice  and 
communicating  driving  power  to  the  steering  screws. 

A  special  form  of  steering  screw  proposed  by  Herr  Lut- 
schaunig  deserves  to  be  mentioned.t  It  consists  of  a  small 
screw  carried  by  the  rudder,  and  put  over  by  the  helm  to  the 
same  angle  as  the  rudder.  By  means  of  a  simple  train  of 
mechanism  the  steering  screw  is  made  to  revolve  by  the 
motion  of  the  main  propeller  shaft ;  and  its  thrust  is  always 
delivered  at  an  angle  with  the  keel  when  the  rudder  is  put 
over.     Such  a  screw  would  undoubtedly  give  considerable 

*  See  the  Transactions  of  the  Institution  of  Naval  Architects  for  1863 
and  1864,  Trials  have  also  been  made  with  water-jets  expelled  ath wart- 
ships  from  orifices  near  the  bow  and  stern:  but  with  no  great  gain  of 
manoeuvring  |X)wer.  t  See  the  Transactiotis  for  1874. 
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steering  power  if  suitably  arranged  for  its  position  in  the 
race  of  the  main  propeller ;  but  the  mechanism  would  be 
liable  to  derangement,  and  damage  to  it  might  interfere 
seriously  with  the  efficiency  of  the  main  screw-propeller. 

Professor  Eankine  mentions  the  case  of  a  twin  passenger 
steamer,  the  AUiance,  designed  by  Mr.  George  Wills,  in  which 
manoeuyring  paddle-wheels  were  fitted  at  the  bow  and  stem, 
the  axes  of  the  wheels  lying  fore  and  aft,  and  their  thrust 
being  delivered  athwartships.  No  reports  of  the  perform- 
ances of  this  vessel  are  recorded. 

Auxiliary  rudders  of  various  kinds  have  been  tried,  but 
none  have  proved  so  successful  as  to  pass  beyond  the 
experimental  stage,  or  to  be  used  apart  from  the  special 
circumstances  for  which  they  were  devised.  In  some  of  the 
floating  batteries  built  during  the  Crimean  War,  in  which 
the  shallow  draught  and  peculiar  form  made  steering  very 
difficult,  auxiliary  rudders  were  fitted  on  each  side  at  some 
distance  before  the  stem,  and  arranged  so  that  they  could  be 
put  over  to  an  angle  of  about  60  degrees.  No  sensible  im- 
provement in  the  steering  appears  to  have  resulted  from 
these  additions.  Another  form  of  auxiliary  rudder  was 
proposed  by  Mr.  Mulley,  and  tried  at  Plymouth  in  1863. 
It  consisted  of  a  rudder  fitted  on  each  side  of  the  after  dead- 
wood,  at  a  short  distance  before  the  screw  aperture ;  it  was 
hinged  at  the  fore  edge,  and,  when  not  in  use,  could  be  hauled 
up  close  against  the  side,  but,  when  required,  could  be  put 
over  to  38  degrees  from  the  keel-line.  When  applied  to  a 
paddle-wheel  tug,  it  answered  admirably,  steering  her  by  its 
sole  action,  and  making  her  turn  more  rapidly  when  acting 
in  conjunction  with  the  main  rudder.  It  completely  failed, 
however,  when  tried  on  her  Majesty's  screw-ship  Cordelia^ 
and  produced  a  distinct  turning  efiect  on  the  ship  in  the 
direction  opposite  to  that  in  which  it  was  expected  to  act. 
The  explanation  of  the  failure  suggested  by  the  inventor  is 
probably  correct :  the  action  of  the  screw-propeller  may 
have  produced  a  negative  pressure  on  the  side  of  the  dead- 
wood  abaft  the  auxiliary  rudder  when  it  was  put  over ;  and 
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the  turning  effect  of  the  negative  pressure  more  than 
counterbalanced  the  effect  of  the  auxiliary  rudder.  Possibly, 
if  the  latter  had  been  placed  further  before  the  screw,  it 
might  have  succeeded,  as  it  did  in  the  paddle-wheel  vessel. 

One  of  the  most  recent  trials  of  auxiliary  rudders  made  in 
the  Boyal  Navy  is  that  carried  out  in  the  Sultan.  She  was 
fitted  with  sliding  rudders,  one  on  each  side,  arranged  so  as 
to  counterbalance  one  another ;  when  one  was  allowed  to 
project  under  the  counter,  the  other  was  drawn  up  into  a 
casing  within  the  ship ;  and  both  could  be  "  housed  "  when 
desired.  The  area  of  each  of  the  auxiliaries,  when  fully 
immersed,  was  about  one-sixth  of  the  area  of  the  main 
balanced  rudder ;  and  it  was  set  about  50  degrees  from  the 
keel-line.  On  trial  it  was  found  that  the  small  area  of  the 
auxiliary  rudder  rendered  its  steering  effect  so  small  as  to  be 
practically  unimportant. 

Steering  blades  or  boards  somewhat  similar  in  principle  to 
those  tried  in  the  Stdian  have  been  used  successfully  in 
vessels  designed  for  shallow-water  service.  These  blades  were 
set  at  an  angle  of  about  45  degrees  from  the  keel-line  on 
either  side,  and  could  be  pushed  aft  from  the  stem  or 
dropped  down  into  the  water  on  the  side  towards  which  the 
head  of  the  ship  was  to  be  turned.  The  idea  is  an  old  one, 
and  has,  we  believe,  been  made  use  of  on  some  occasions  to 
steer  sea-going  ships  which  have  lost  their  main  rudders. 

Of  the  very  numerous  plans  of  "jury  rudders"  which 
have  been  proposed,  we  can  say  nothing  in  the  space  at  our 
disposal.  They  are  all  based  upon  the  principles  explained 
above  for  the  ordinary  rudder,  and  are  more  or  less  satis- 
factory expedients  for  taking  the  place  of  the  rudder 
properly  belonging  to  any  ship. 

In  conclusion,  a  few  remarks  must  be  made  respecting  the 
steering  of  ships  by  means  of  their  propellers.  This  power 
may  be  said  to  be  limited  to  twin-screw  ships,  paddle-wheel 
steamers  in  which  the  wheels  can  be  disconnected,  and 
vessels  fitted  with  water-jet  propellers,  or  with  the  "  Fowler  " 
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steering  propeller.  Ships  with  single  screws  will,  as  already 
described,  complete  a  circle  to  one  side  or  the  other  with 
helm  amidships;  but  the  turning  will  be  performed  very 
slowly,  the  circle  will  be  of  large  diameter,  and  the  com- 
manding oflBcer  has  no  power  over  the  motion,  except  by 
using  the  rudder.  Plans  have  been  proposed  and  tried  for 
remedying  this  defect  of  the  single  screw,  but  none  has 
proved  successful.  One  of  the  most  promising  was  that  pro- 
posed by  Mr.  Curtis,  in  which  the  screw  was  attached  to  the 
shaft  by  means  of  a  suitable  joint,  and  was  carried  by  a  frame 
hinged  like  a  rudder  to  the  stern.  The  frame,  carrying  the 
propeller,  could  be  put  over  with  the  helm  to  any  angle 
desired;  and  the  thrust  of  the  screw,  driven  by  the  main 
engines,  was  then  delivered  at  an  angle  with  the  keel-line, 
exercising  a  powerful  turning  effect  on  the  ship.  On  trial  it 
was  found  that  this  turning  effect  was  very  powerful  indeed, 
and  the  motions  of  the  small  vessel  so  fitted  were  very 
rapid ;  but  there  was  far  less  control  over  the  motion  than 
with  the  rudder,  and  this  fact,  together  with  the  difficulties 
and  risk  of  derangement  to  the  propelling  apparatus  which 
would  attend  the  adoption  of  the  plan  on  a  large  scale,  has 
prevented  its  use. 

The  Fowler  propeller,  fitted  in  the  American  torpedo-vessel 
Alarm,  and  in  a  few  small  vessels,  consists  of  a  feathering 
paddle-wheel  placed  at  the  stern,  the  axis  of  the  wheel  being 
vertical.  By  means  of  suitable  mechanism  the  paddle-floats 
can  be  made  to  "  feather  "  at  any  point  in  their  revolution ; 
and  in  this  way  the  maximum  thrust  can  be  delivered  in 
different  directions,  and  made  either  to  propel  the  vessel 
ahead  or  astern,  or  to  steer  her  on  any  desired  course.  The 
appaiatus  is  said  to  answer  well  in  the  Alarm,  as  regards 
handiness ;  but  it  is  still  in  the  experimental  stage. 

The  other  propellers  named,  being  in  duplicate,  deliver 
their  thrusts  independently  on  either  side  of  a  ship  and 
at  some  distance  out  from  the  middle  line.  It  is  possible, 
therefore,  to  make  one  propeller  deliver  its  thrust  ahead 
and  the  other  astern,  when  the  ship  will  turn  on  her  centre 
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without  headway ;  or  to  use  only  one  propeller,  when  she 
will  turn  and  describe  a  circle  of  more  or  less  considerable 
diameter;  or  to  use  the  rudder  in  association  with  either  of 
these  conditions  in  order  to  increase  the  speed  of  turning  or 
lessen  the  space  traversed.  The  principle  is  the  same  for 
all  three  propellers,  but  the  distance  between  the  lines  of 
thrust  of  twin-screws  is  commonly  less  than  one-half  the  ex- 
treme breadth  of  a  ship,  whereas,  with  disconnecting  paddles, 
the  corresponding  distance  would  commonly  he  four'thirds 
the  extreme  breadth ;  and  with  water-jets  the  distance  some* 
what  exceeds  the  breadth.  Notwithstanding  this  advantage, 
twin-screws  compared  favourably  with  water-jets  on  the  only 
occasion  on  which  we  know  their  turning  powers  to  have 
been  tried  in  competition.  No  similar  competitive  trials  ap- 
pear to  have  been  made  with  twin-screws  and  disconnecting 
paddles ;  but  the  restricted  use  of  paddle-wheels  makes  it 
unnecessary  to  inquire  into  their  relative  merits. 

Turning  trials  with  twin-screw  vessels  have  established 
the  following  conclusions : — 

(1)  That  with  ordinary  ruddeps  such  vessels  can  be 
steered  as  efficiently  as  single-screw  ships  when  both  screws 
are  working  full  speed  ahead.  Balanced  rudders  applied  to 
twin-screw  ships  have  not  always  been  so  successful  as  in 
single-screw  ships ;  but  this  partial  failure  probably  arose 
from  the  fore-and-aft  position  of  the  twin-screws,  as  in  other 
cases  better  performances  have  been  obtained  with  twin-screw 
ships  fitted  with  balanced  rudders  than  with  sister  ships 
fitted  with  ordinary  rudders.  For  example,  the  Iron  Duke, 
with  twin-screws  and  an  ordinary  rudder,  occupied  about  4 
minutes  38  seconds  in  turning  a  circle  505  yards  in  dia- 
meter ;  her  sister  ships,  the  Audacums  and  Invincible^  with 
balanced  rudders,  occupied  about  4^  minutes,  and  turned  in 
circles  having  diameters  of  about  400  and  325  yards  re- 
spectively. Compare  with  these  the  performances  of  the 
Resistaneey  a  single-screw  ship  of  the  same  length  and  dis- 
placement, with  an  ordinary  rudder ;  she  occupied  6}  minutes 
in  turning  a  circle  600  yards  in  diameter,  and  although  her 

2  R 
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lower  speed  would  account  for  some  part  of  the  slowness  of 
turning,  her  performance,  on  the  whole,  was  distinctly 
inferior  to  that  of  the  twin-screw  ships. 

(2)  That  with  helm  amidships,  one  screw  working  full 
speed  ahead  and  the  other  full  speed  astern,  such  vessels 
can  be  turned  upon  their  own  centres,  but  the  time  of  turning 
is  considerably  greater  than  when  both  screws  are  working 
ahead  and  the  rudder  is  used. 

(3)  That  when  the  screws  are  working  in  opposite  direc- 
tions, as  in  the  preceding  case,  if  the  helm  is  put  over,  the 
time  of  turning  is  usually  greater  than  when  both  screws  are 
working  ahead  and  the  rudder  is  used ;  but  the  vessels  turn 
nearly  upon  their  centres.  For  example,  the  Captain  took 
5  minutes  24  seconds  to  complete  a  circle  of  750  yards 
diameter  with  both  screws  full  speed  ahead  and  helm  hard 
over ;  as  against  6  minutes  52  seconds  in  the  other  condition, 
when  she  turned  nearly  on  her  centre.  The  explanation  of 
the  difference  is  to  be  found  in  the  lack  of  the  turning  effect 
of  the  resistance  on  the  outer  bow  and  in  the  diminished 
eflSciency  of  the  rudder  produced  by  the  absence  of  headway, 
as  well  as  by  the  action  of  the  screw  which  is  working  full 
speed  astern  on  the  side  towards  which  the  rudder  is  put 
over.  It  is  worthy  of  remark,  however,  that  the  rudder  does 
some  work  under  these  circumstances ;  for  the  time  of  turn- 
ing has  been  found  to  be  less  than  when  the  same  vessel 
was  turned  by  the  action  of  the  screws  alone.  Mr.  Bamaby 
gives  a  case  where  the  times  for  the  two  conditions  were 
respectively  4J  minutes  and  6  minutes  55  seconds.  A  pos- 
sible explanation  of  this  circumstance  may  be  found  in  the 
turning  effect  of  the  accumulated  pressure  that  will  act  on 
the  side  of  the  deadwood  before  the  rudder,  and  will  assist 
the  screws  in  turning  the  ship. 

(4)  That  when  one  screw  is  stopped  and  the  other  worked 
full  speed  ahead,  with  the  rudder  hard  over,  vessels  can  be 
turned  somewhat  more  slowly  than  when  both  screws  are 
working  ahead.  As  to  the  relative  diameters  of  the  circles 
described  under  these  two  conditions,  there  is  less  agreement. 


CHAP.  XIV.  THE  STEERING  OF  SHIPS.  6 1 1 

Mr.  Barnaby  gives  a  ease  where  a  twin-screw  ship  completed 
the  circle  in  3  minutes  48  seconds  with  both  screws  working 
ahead ;  and  in  3  minutes  58  seconds  with  one  screw  stopped ; 
the  diameter  of  the  circle  in  the  latter  case  being  one-third 
less  than  in  the  former.  In  the  Captaitiy  the  corresponding 
results  were  5  minutes. 24  seconds  to  complete  a  circle  750 
yards  in  diameter  when  both  screws  were  worked  ahead,  and 
7  minutes  50  seconds  to  complete  a  circle  874  yards  in  dia- 
meter when  one  screw  was  stopped. 

(5)  That  with  one  screw  only  at  work  and  the  helm  amid- 
ships, the  ship  can  be  turned  completely  round,  but  the  time 
of  turning  is  considerable,  and  the  diameter  of  the  circle 
large  as  compared  with  the  other  modes  of  turning.  In  the 
Captaiuy  about  9f  minutes  were  occupied  in  turning  a  circle 
nearly  1100  yards  in  diameter.  Even  this  turning  power 
might  be  of  service,  however,  to  a  vessel  of  which  the  rudder 
and  one  screw  had  been  damaged. 

It  is  usual  in  twin-screw  ships  to  place  the  shafts  parallel 
to  one  another  and  to  the  keel ;  but  more  than  once  it  has 
been  suggested  that  advantage  in  steering  might  result  from 
making  shafts  diverge  from  one  another,  in  order  to  increase 
the  leverage  of  the  thrust  of  either  propeller  about  the 
centre  of  gravity.  This  plan  has  been  applied  in  the 
Faradayy  a  ship  built  for  the  special  purpose  of  laying 
submarine  telegraph  cables,  and  therefore  requiring  great 
handiness  under  all  conditions  of  wind  and  sea.  It  is  said 
to  have  proved  very  successful ;  and  her  owner.  Dr.  Siemens, 
states  that,  with  the  rudder  locked  amidships,  some  of  the 
most  delicate  operations  connected  in  laying  and  splicing 
cables  were  performed  in  a  rough  sea  and  strong  wind,  the 
ship  being  manoeuvred  by  the  screws  alone.  The  shafts  in 
this  vessel  diverge  from*  parallelism  with  the  keel-line  by 
being  at  a  greater  distance  from  it  at  their  fore  ends  than  at 
the  after  ends  ;  abreast  of  the  centre  of  gravity  the  distance 
between  the  shaft  lines  is  about  40  feet,  near  the  propellers 
the  distance  is  about  half  as  great.  Another  interesting 
fact  in  the  management  of  this  exceptional  vessel  is  that,  in 

2  R  2 


6l2 


NAVAL  ARCHITECTURE. 


CHAP.  XIV. 


order  to  maintain  her  position  with  wind  or  sea  on  the  beam, 
the  two  propellers  were  frequently  worked  at  different  speeds 
and  sometimes  in  opposite  directions.  She  famishes,  in  fact, 
one  of  the  most  remarkable  ilustrations  of  the  manoeuvring 
power  obtainable  by  the  use  of  twin-screws.* 

Jet-propelled  vessels,  when  moving  ahead  at  full  speed, 
derive  their  steering  power  from  the  reaction  of  the  water  in 
the  wake  upon  the  rudder ;  JEUid  as  previously  explained,  this  is 
likely  to  be  less  than  that  on  a  rudder  placed  in  the  race  of  a 
screw.  In  the  trials  made  with  the  twin^rew  ship  Viper 
and  the  jet-propelled  Watenvitch,  there  was  practical  identity 
of  length  and  draught,  as  well  as  approximate  equality  of 
displacement  and  speed ;  but  the  Viper  was  constructed  with 
two  deadwoods,  and  had  a  rudder  on  each,  while  the  Water- 
witch  had  only  one  rudder  at  work,  the  rudder  at  the  fore 
end  being  locked.  Hence  any  exact  comparison  between  the 
manoeuvring  powers  of  the  two  systems  of  propulsion  can 
scarcely  be  made  from  the  trials  of  these  ships;  but  the 
following  facts  may  be  interesting.  When  steaming  full 
speed  ahead,  the  Viper  turned  a  circle  in  3  minutes  17 
seconds,  as  compared  with  4  minutes  10  seconds  for  the 
Watenviteh ;  a  saving  of  time  in  the  twin-screw  ship  of  about 
20  per  cent.  With  one  screw  reversed,  the  other  full  speed 
ahead,  and  the  rudders  hard  over,  the  Viper  turned  on  her 
centre  in  rather  less  time  than  with  both  screws  working 
full  speed  ahead  (3  minutes  6^  seconds,  mean  of  trials  in 
opposite  directions).!  The  Watenvitchy  under  similar  con- 
ditions, with  one  nozzle  reversed,  also  turned  on  her  centre, 
but  occupied  more  than  twice  the  time  of  the  Viper  (6J 


*  See  an  account  of  the  vessel, 
communicated  by  Mr.  C.  W.  Merri- 
field,  F.R.S.,  to  the  Institution  of 
Naval  Architects  in  1876. 

t  It  will  be  observed  that  this  is 
an  exception  to  the  deduction  marked 
No.  3  on  p.  610 ;  but  the  explana- 
tion of  the  difference  is  simple.    As 


the  Viper  has  two  rudders,  that 
placed  behind  the  screw,  which  was 
driving  the  ship  ahead,  always 
remained  thoroughly  efficient  in 
assisting  to  turn  the  ship,  although 
the  other  rudder,  placed  behind  the 
screw,  which  was  driving  the  ship 
astern,  was  less  efficient. 
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minutes),  and  half  as  long  again  as  she  took  when  steaming 
full  speed  ahead.  Making  allowance  for  the  additionfd 
rudder  of  the  Vip^^  and  the  additional  resistance  to  turning 
which  her  peculiar  form  of  stem  involves^  it  appears  that 
the  twin-screws  possess  some  advantages  over  the  jets  in 
manoeuvring ;  but  further  trials  would  be  required  to  settle 
this  point  conclusively.  It  is^  however^  certain  that  ample 
manoeuvring  power  can  be  secured  with  twinnscrews  in  asso- 
ciation with  greater  propelling  efficiency  than  has  yet  been 
obtained^  or  is  likely  to  be  secured  with  water-jets. 

In  conclusion  it  may  be  remarked  that^  throughout  the 
preceding  discussion,  it  has  been  assumed  that  the  manoeuvres 
of  ships  are  performed  in  smooth  water,  in  order  that  the 
principles  of  the  action  of  the  rudder,  or  of  auxiliary 
appliances  for  steering,  might  be  more  simply  explained. 
When  ships  are  manoeuvred  in  rivers,  currents,  or  a  seaway, 
their  performances  necessarily  differ  from  those  in  still 
water;  but  all  the  varying  conditions  of  practice  can 
scarcely  be  brought  within  the  scope  of  exact  investigation ; 
and  the  foregoing  statement  of  principles  will  probably 
enable  the  conditions  of  any  selected  case  to  be  intelligently 
treated. 
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Curve  of  stability .. 

Period  of  still-water  oscillation  .. 


57 

42 

27 
128,231 
..  300 
..  323 
..       349 
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82 
370 
609 
171 

10 

13 

25 

32 

44,46 

66 

101 

114 
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DevasUUum  class,  her  Majesty's  ships  (continued) : — 

Inclination  under  wind  pressure 

Mr.  Froude*s  rolling  experiments  with  model   .. 

Performances  at  sea 

Curves  of  weight,  buoyancy,  bending  moment,  &c. 

Longitudinal  bending  moments  among  waves  .. 

Local  strains  in  wake  of  turrets  .. 

Maximum  longitudinal  strains  on  structure     .. 

Weight  of  hull  and  carrying  power 

Goal  endurance  of 

Performances  under  steam 

Ck)mpared  with  circular  ironclads 
Diagonal  riders  for  ordinary  wood  ships        ..         .. 
planking  for  wood  and  composite  ships     .. 
framing  for  iron  ships 
Dictator  J  American  monitor:  breadth  for  tonnage  .. 
Dipping  oscillations  of  ships  .. 
Disc  area  of  screw-propellers   .. 
Displacement : — 

Definition  of  term 

liJSvlUX  ••  ••  ••  ••  at  •• 

Approximate  rules  for     .. 

Curves  of  ••         ••         .. 

Most  suitable  tonnage  for  war-ships 

Compared  with  B.O.M.  tonnage.. 

Recommended  for  yachts 

Compared  with  gross  register  tonnage 
Double  bottoms : — 

Uses  of,  in  iron  ships 

Effect  upon  stability  of  water  ballast  in 

Cellular  construction  of  .. 

Facilitate  preservation  of  skins  .. 
Draught  of  water: — 

Displacement  for  any 

Changes  in,  by  addition  or  removal  of  weight   .. 

Changes  in,  by  altered  density  of  water 

Effect  upon,  of  entry  of  water  into  hold 

With  changes  of  trim 
Durability  of  wood  and  iron  ships  compared 
Dynamical  stability  (see  Stability). 
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..140 

125,220 
199,  202,  229,  238 
268 
276 

294,300 
349 
370 
516 
543 
553 
333 
336 
338 
44 
118 

529,  536 

1 

3,370 

4 

7 

41 

46 

50 

58 

29,33 

84 

299,  337 

401 

8 

9 

11 

21 

87 

389 


E. 


Economical  propulsion  of  steam-ships : — 

Favoured  by  suitable  forms  and  propOTtions 

Favoured  by  increase  in  size 

Not  of  paramount  importance  in  all  cases 


454,  549 
..  555 
460,550 
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Eddy-making  resistance  of  ships        ..  ..         ..  ..  428,441,458 

EfiBciency  of  marine  engines   ..  ..  ..         ••         ..  ..       518 

„        of  propellers  ..  ..  ..  ..  ..  ..       519 

Enoownttr^  her  Majesty's  ship:  approximate  calculation  of  dis- 
placement     ..  ..  ..  ..  ..  ..  ..  ..  5 

Endymion^  unarmoured  screw-frigate:   principal  dimensions  and 

curve  of  stability      ..  ..  ..  ..  ..  ..  ..       101 

Engines,  marine : — 

Measures  of  power  ..  ..  ..  ..  ..  ..       511 

Types  in  common  URe      ..  ..  ..  ..  ..  ..       515 

Weights  per  horse-power,  and  rate  of  coal  consumption  ..       516 

Of  swift  steam-launches  ..  ..  ..  ..  ,.  ..       563 

Entrance  of  ships :  connection  between  speed  and  length  of  ..       445 

Equilibrium  of  ships  :— 

When  floating  freely  in  still  water         ..  ..  ..  ..         60 

Stable,  imstable,  and  indifferent..  ..  ..  ..  ..63,74 

Instantaneous  position  of,  among  waves  ..  ..  ..       185 

Experiments : — 

To  determine  vertical  position  of  centre  of  gravity  of  ships     ..         77 

Still- water  rolling  ..  ..  ..       122 

On  the  effect  of  bilge-keels  125,  220 

On  strengths  of  timber 374,376 

On  strengths  of  iron  and  steel 373,376,421 

On  rate  of  corrosion  of  iron         ..  ..  ..  ..  399,417 

On  waste  of  metals  in  sea- water  ..  ..  ..  .,       414 

Against  targets  representing  sides  of  unarmoured  iron  ships  420 

On  resistance  of  ships 429, 439, 450, 461,  473,  572 

On  air  resistance  ..  ..  ..  ..  ..  ,.  468,471 

On  screw  propulsion        ..  ..  ..  ..  ..  532,635 

On  screws  and  paddle-wheels     ..  ..  ..  ..  ,.       533 

On  screws  and  water-jets  ...  ..  ..  ..  ..       524 

On  steerage  of  single-screw  ships  ..  ..  ..  576,593 

On  steerage  of  twin-screw  ships .  ..  ..  ..  ..       609 

On  steerage  of  jet-propelled  ships  ..  ..  ..  ,.       612 


F. 

Factors  of  safety  for  wood  and  iron    ..  ..  ..  ..  373,377 

Fairbairn,  Sir  W.  :— 

Proposed  standard  of  strength  for  ships  i.  ..  ,.  280 

Experiments  on  resistance  of  wood  and  iron  to  penetration   ..  298 

Faraday  J  cable-ship : — 

Bow  rudder  fitted  to        ..  ..  ..  ..  ..  ..  604 

Twin-screw  arrangements  of       ..  ..  ,.  ..  .,  611 

Fastenings,  in  ships,  importance  of  proper    ..  ..  ..  ..  311 
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FasteDings,  in  ships,  metal  bolts  in  wood  ships  ..  ..  ..       381 

Ferdinand  Max,  Austriam  ram,  at  Lissa     ..  ..  ..  ..       301 

Fillings,  between  frames  of  wood  ships,  very  usefal  ..  299,  325 

Fincham,  Mr. :  his  treatise  on  Masting         ..  ••  ..  473, 488 

Flandrt  class,  French  ironclads : — 

Principal  dimensions  and  metacentric  height  ..  ..  ..  66,  73 

Period  of  still- water  oscillation   ..          „  ..  ..  ..       114 

Flanged  forms  of  beams  and  girders,  very  advantageous  ..  319,  385 

Formulffi : — 

At  wood's,  for  statical  stability    ..          ..  ..  ..  ..         96 

For  period  of  unresisted  rolling  ..          ..  ..  ..  ,.       112 

Moseley's,  for  dynamical  stability         ..  ..  ..  ..       134 

For  trochoidal  waves        ..          ..          ..  ..  ..  ..       167 

Admiralty,  for  steam-ship  performance  ..  ..  ..  ..       540 

Expressing  relative  economy  of  steam-power  in  large  and  small 

steamers           ..          ..          ..          ..  ..  ..  556, 558 

Fouling  of  bottom : — 

Especial  disadvantage  of  iron  ships        ..  ..  ..  ..       409 

Proposals  for  preventing  ..          ..          ..  ..  ..  ..       419 

Effect  on  resistance  of  ships        ..          ..  ..  ..  ..       440 

Foundering  of  ships,  causes  of            ..          ..  ..  ..  ..         16 

Fowler  steering  propeller         ..          ..          ..  ..  ..  ..       608 

Framing  of  ships : — 

Subordinate  to  skins        ..          ..          ..  ..  ..  ..       310 

IVansverse,  in  wood  ships           ..          ..  ..  ..  325, 352 

Transverse,  in  iron  and  composite  ships  ..  ..  326,  353 

Longitudinal,  for  iron  ships        ..          ..  ..  ..  ..       327 

Diagonal,  for  iron  ships  ..          ..          ..  ..  ..  ..       338 

Freeboard,  various  rules  for    ..          ..          ..  ..  ..  ..         36 

„        efifect  of^  upon  the  stability          ..  ..  ..  ..         98 

Freight  tonnage           ..          ..          ..          ..  ..  ..  ..         59 

French  experiments  on  still- water  oscillations  ..  ..  ..       128 

„      observations  of  deep-sea  waves         ..  ..  ..  ..       169 

„      rule  for  nominal  horse-power..          ..  ..  ..  ..       513 

French  war-ships: — 

Principal  dimensions  and  metacentric  heights  for  ..  ..  66,  73 

Periods  of  oscillation        ..          ..          ..  ..  ..  ..       114 

Performance  at  sea           ..          ..          ..  ..  ..  ..       205 

Frictional  resistance,  to  rolling  of  ships         ..  ..  ..  ..       120 

to  motion  of  ships        ..  ..  ..  428,438 

importance  of  ..          ..  ..  ..  440,458 

Froude,  Mr.  W.,  F.R.S.  :— 

Investigations  on  resistance  to  oscillations  of  ships  ..  121,  219 

Memorandum  on  observations  of  waves..  ..  ..  ..       157 

Modem  theory  for  rolling  among  waves  ..  ..  ..       182 

Rei)ort  on  behaviour  of  Devastation      ..  ..  ..  199,  202 
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Froude,  Mr.  W.,  F.R.S.  {(xmivMud) : —  rA«B 

Experiments  on  usefalness  of  bilge-keels         ..         ..  125,220 

Experiments  on  resistances  of  ships  and  models  427, 436, 455, 462, 590 

Experiments  on  frictional  resistance      ..         ..         ..  ..       439 

Experiments  on  wave-making  resistance          ..          ..  ..       450 

Experiments  on  air  resistance     ..         ..         ..         ..  468,472 

On  ratio  of  effective  to  indicated  horse-power    ..         ..  ••       518 

Experiments  on  screw  propulsion          ..         ..         ..  ..       532 

Experiments  on  circular  ships    ..         ..         ..         ..  553,555 

Experiments  on  planes  and  rudders      ..          ..         ..  580,601 

G. 

Galvanic  action — accelerates  corrosion  of  iron  skins ..         ..  ..       399 

„              means  of  preventing          ..         ..         ..  ..       400 

„              special  danger  in  iron  ships  copper-sheathed  ..       416 
„              assists  in  preventing  fouling  of  zinc  sheathing  ..       418 

Girders,  equivalent,  for  longitudinal  strength  of  ships        ..  ..       313 

„     principles  of  strength            ..         ..         ..         ..  ..       318 

„     lattice,  used  as  strengtheners  to  shallow  ships       ..  ..       340 

„     comparison  of  ribs  and  adjacent  parts  of  skin  to    ..  ..       352 

Olattan^  her  Majesty's  monitor : — 

Watertight  subdivision   ..         ..         •.         ..         ..  ..         32 

Tonnage  B.O.M.  and  displacement        ..         ..         ..  ..         46 

Principal  dimensions  and  metacentric  height   ..         ..  ..  66,72 

Curve  of  stability  for       ..         ..         101 

Safety  in  a  seaway           ..         ..         .,         ..         ..  ..       212 

Oloirey  French  ironclad:  principal    dimensions  and  metacentric 

height           ••          ..         ..          ..         ■•         ••         ••  ••  66, 73 

Great  Britain^  early  iron  steam-ship  :— 

Principal  dimensions  of  ..         ..          ..          ..          ..  ..       368 

Bemarkable  durability     ..         ••         ..         ..         ..  ..       396 

Damage  done  by  grounding        ..          ..         ••         ..  ..       403 

Steering  trials  of  ..          ..         ..          ..         ..         ••  ..       576 

OrecU  Eastern : — 

Principal  dimensions  of   ..         ..         ..         ..         ..  ••       368 

Great  length  reduces  pitching     ..         ..         ..         ••  ..       227 

Framed  on  longitudinal  system..         ..          ..          ..  296,329 

Cellular  upper  deck         ..          ..         ..          ..          ..  300,324 

Small  amount  of  transverse  framing      ..          ..          ..  ..       354 

Damage  done  by  accidental  grounding  ..          ..         ..  33,  404 

Great  Western^  pioneer  Atlantic  steamer:    principal  dimensions 

and  performance  of . .          ..          ..          ..         ..         ..  368,506 

Greyhound^  her  Majesty's  ship : — 

Rolling  experiments  in  still  water         ..          ..         ..  ..       126 

„               „         in  a  seaway                                  ..  ..       220 

Experiments  conducted  by  Mr.  Froudo  on  the  resistance  453, 459,  467 
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Greyhound,  her  Majesty^s  ship  (continued) : — 

Mcxlel  ex|)eriments  on  resistance 

Kstimate  for  angle  of  leeway 

Used  as  basis  for  calculations  of  performance  under 

large  ships 
Effective  horse-power 
Grounding,  local  strains  produced  by 
Gumi)el,  Mr. :  proposed  form  of  rudder 
Gunboats,  unarmoured  :  use  of  iron  hulls  for 

selection  of  forms  and  proportions  for 
engine-power  and  speeds    . . 
Gyroscopic  instruments  used  for  measuring  rolling  .. 
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464 
482 
steam  of 

546,  658 
545 
297 
602 
421 
461 
565 
241 


H. 
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Head  resistance,  to  motion  of  bodies  through  water.. 
Headway,  advantage  to  ships  in  turning 
Heaving  of  ships  among  waves 
Heeling,  produced  by  entry  of  water  into  hold 

produced  by  action  of  wind  on  sails  62, 

produced  by  shifting  weights  athwartshipa 
produced  by  turning . . 
Helm,  port  and  starboard :  weather  and  lee .. 
importance  of  quick  motion    .. 
angle  of  greatest  efficiency 
„     power  to  put  it  over     .. 
Hercules,  her  Maje8ty*s  ship : — 
Reserve  of  buoyancy 
Watertight  subdivision  of 
Accidental  collision  with  Northumberland 
Principal  dimensions  and  metacentric  height    .. 
Period  of  still- water  oscillation  .. 
Behaviour  at  sea  .. 
Racking  forces  due  to  rolling 
Steaming  capabilities 
Rudder  arrangements 
Steering  trials  of  .. 
Hogging,  causes  of,  in  still  water 
on  wave  crest 

conditions  of  strain  incidental  to    .. 
Holyhead  packets,  small  register  tonnage  of .. 
„  „        steaming  capabilities  of  .. 

Horse-power  of  marine  engines :  effective 

indicated    .. 
nominal 


» 
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..       428 

590 

155,216 

26 

135,  290,  478,  498 

»  •  •  •  I  V 

..  ..  Ut7X 

570 
594 
596 
578 

..  ••  lo 

. .  . .  Ot* 

• .  . .  o4: 

..  66,73 

105 

..  199,205,210 

. .  . .  ibOO 

..  542,546,550 

569 

..  582,  594,  595 

•  .  ••       261 

..       274 

282,  321 

• .  . .         56 

529,  561 

510,  518 

511 

512 
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Hotspur^  her  Majesty's  ironclad  ram : —  paoi 

Watertight  subdivision  of          ..          ..  ..  ..  ..  32 

Longitudinal  stability  of            ..          ..  ..  ..  ..  90 

Hulls  of  ships : — 

Should  combine  lightness  with  strength  ..  ..  ..  3 

Weights  of,  for  various  classes    ..          ..  ..  ..  ,.  370 

Advantages  of  iron  as  compared  with  wood  ..  ..  ..  368 

Suitability  of  iron  for  unarmoured  war-ships    ..  ..  ..  419 

Recent  use  of  steel           ..  424 

I. 

Inconstant  class,  Royal  Navy : — 

Coefficient  of  fineness  for  displacement  ..  ..  „  ..  4 

Reserve  of  buoyancy        ..          ..          ..  ..  ..  ..  14 

Principal  dimensions  and  metacentric  height    ..  ..  ..  67,- 72 

Curve  of  stability  for       ..          ..          ..  ..  ..  ..  101 

Results  of  rolling  experiments    ..          ..  ..  ..  114,124,130 

Behaviour  at  sea  ..          ..          ..          ..  ..  ..  ..  191 

Errors  of  pendulum  observations  of  rolling  ..  ..  ..  239 

Structural  arrangements  of         ..          ..  ..  «•  ..  355 

Weight  of  hull  and  carrying  power       ..  ..  ..  ..  370 

Copper  sheathing  on  iron  hull     ..         ..  ..  ..  ..  415 

Steaming  capabilities       ..          ..          ..  ..  ..  561,564 

Independenzia^  Brazilian  ironclad:  stoppage  in  launching  ..  ..  281 

Inflexible^  her  Majesty's  ship : — 

Watertight  subdivision  of          ..          ..  ..  ..  ..  82 

Principal  dimensions       ..          ..          ..  ..  ..  ..  366 

Invincible  class,  Royal  Navy  ; — 

Tons  per  inch  immersion            ..          ..  ..  ..  ..  10 

Watertight  subdivision  of           ..          ..  ..  ..  ..  32 

Curve  of  stability  for        ..          ..          ..  ..  ..  ..  101 

Strength  of  ram-bow  in   ..          ..          ..  ..  ..  ..  302 

Steering  trials       ..          ..          ..          ..  ..  ..  ..  609 

Iron,  as  a  material  for  shipbuilding : — 

Resistance  to  perforation..          ..          .,  ..  ..  ..  298 

Compared  with  wood       ..          .,          ..  ..  ..  ..  369 

Tensile  and  compressive  strength  of      ..  ..  ..  373,  376 

Simple  combinations  possible  with        ..  ..  ..  ..  382 

Modulus  of  elasticity       ..          ..          ..  ..  ..  ..  378 

Resistance  to  bending  strains      ..          ..  ..  ..  ..  385 

Progress  in  manufacture  of         ..          ..  ..  ..  ..  -402 

(See  also  Corrosion  and  Fouling.) 

Ironclads  : — 

Coefficients  of  fineness  for  displacement..  ..  ..  ..  4 

Tons  per  inch  immersion..          ..          ..  ..  ..  ..  10 

Reserve  of  buoyancy        ..          ..          ..  ..  ..  ..  12 
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Ironclads  (continutd) : — 

VAOX 

Watertight  subdivision  of 

•  • 

•  • 

•  • 

32 

Metacentric  heights  ot*     .. 

•  • 

•  • 

•  • 

GG 

Curves  of  stability 

•  • 

•  • 

•• 

..       101 

Behaviour  at  sea  .. 

•  • 

•  • 

•  • 

199,  205,  L'lO 

Structural  arrangements  .. 

•  • 

•  • 

•• 

331,  354 

Local  requirements  in  structures 

•  • 

•  • 

•  • 

..       342 

Longitudinal  strains  of    .. 

•  • 

•  • 

•  • 

..       349 

Weights  of  hull  for 

•  • 

•  • 

•  • 

..       370 

Rapid  decay  of  wood-built 

•  • 

•  • 

•• 

..       393 

Cost  of  maintenance  and  repairs 

•  • 

•  • 

•  • 

..       405 

Sailing  capabilities  of 

•  • 

•  • 

•  • 

489,  500 

Speeds  under  steam 

•  • 

•  • 

•  • 

507,  549 

Long  and  short  types  compared 

•  • 

•  • 

•  • 

..       550 

Expenditure  of  engioe-iwwer 

•  • 

•  • 

•  • 

..       5G5 

Kudder  areas  of    .. 

•  • 

•  • 

•  • 

..       599 

(Sec  also  Circular  Ironclads  and  Monitors.) 

Iron  Duke^  her  Majesty's  ship : — 

Collision  with  Vawjuard 

•  * 

•  • 

•  • 

34 

Approximate  estimate  for  centre  of  buoyancy 

and  mctacentrc     •      70 

Strength  of  ram-bow 

•  a 

•  • 

..       302 

Steering  trials 

•  • 

•  • 

..       609 

Iron  ships : — 

Penetrability  of  bottom    .. 

•  • 

•  • 

298,  408 

Construction  of  mm -bows 

•  • 

•  • 

..       302 

Methods  of  framing  ordinary  and  special 

•  • 

324,  353 

Skins  of     ..          

•  • 

..       337 

Construction  of  decks 

•  • 

..       357 

Progress  in  construction  and  sizes 

•  • 

..       364 

Features  of  superiority  to  wood  ships 

•  • 

..       369 

Causes  of  corrosion 

•  • 

394,  416 

Foul  ing  of  bottoms 

•  • 

..       409 

Copper  and  zinc  sheathing  for    .. 

•  • 

..       410 

Great  durability  of 

•  • 

395,  398 

Compared  with  steel  nhips 

•  • 

..       421 

Isochronism  of  oscillations  of  ships  in  still  water 

•  • 

115 

J. 

Jet-propelled  vessels : — 

Steaming  capabilities  of  ..          ..          ..         ..          ..  ..       521 

Steerage  of            ..          ..          ..          ..          ..          ..  573,612 

Joessel  rudders             ..          ..         ..          ..          ..          ..  ..       602 

Junks,  Chinese,  steerage  of     ..          ..          ..          ..          ..  573,601 

(7um>,  her  Majesty's  ship :  dimensions  and  curve  of  stability  101 

Jury  rudders     ..          ..          ..          ..          ..          ..          ..  ..       607 

2  6  2 


628  INDEX, 


K. 

PAOB 

Keels,  method  of  scarphing  in  wood  ships    ..  ..  ..  ..       379 

,,    sliding,  to  diminish  leeway      .>          ..  ..  ..  ..       483 

„    bilge  (see  Bilge-keels). 

Keelsons,  longitudinal  strengtheners ..          ..  ..  ..  295,325 

„        method  of  scarphing           ..         ..  ••  ..  ..       379 

Kemp,  Mr.  Dixon  :  Treatise  on  Yacht  Designing  ..  ..  ..       489 

Knees,  to  beams :  methods  of  fitting..          ..  ..  ..  ..       358 


Lap-joints  for  iron  plates  and  bars     ••          ..  ..  ..  ..  383 

Lateral  resistance  (see  Resistance). 

Launches,  steam,  of  Royal  Navy       ..          ..  ..  ..  ..  336 

„         swift-steam:  position  of  screws  in  ..  ..  ..  533 

„                  „           remarkable  speeds  of  ..  ..  ..  560 

„                  „            distribution  of  weights  ..  ..  ..  562 

„                  „            engines  of    ..          ..  ..  ••  516, 563 

Launching :  severe  strains  due  to  accidents  in  ..  ..  ..  281 

Leaks,  rate  of  inflow  of  water  through          ..  ..  ..  ..  19 

„      usefulness  of  stoppers   ..          ..          ..  ..  ..  ..  20 

Leebonrds,  use  of,  in  shallow-draught  vessels  ..  ..  ..  483 

Lce-helm          ..          ..          ..          ..          ..  ••  ..  ..  570 

Leeway  :  causes  of,  in  ships  sailing  on  a  wind  ..  ..  ..  477 

„       angle  of        ..          ..          ..         ..  ..  ..  ..  479 

Lewal,  M. :  on  screw-ship  steerage     ..          ..  ..  ..  ..  593 

Lloyd's  rule  for  freeboard        ..          ..          ..  ..  ..  ..  36 

Register,  rules  for  wood  and  iron  ships  ..  ..  391,  398 

„        investigations  on  masting  ..  ..  ..  ..  292 

Local  strains  (see  Strains). 

Xotuion,  steamship :  lost  by  foundering        ..  ..  ..  ..  16 

Longitudinal  bending  moments  (see  Bending), 
bulkheads  (see  Bulkheads), 

framing  well  adapted  for  iron  ships  ..  ..  296,  299,  327 

oscillations  (see  Pitching). 
„  strength  (see  Strength). 

Lord  Warden^  her  Majesty's  ship :  behaviour  at  sea  ..  199, 240 

Lumley,  Mr. :  his  plan  of  rudder       ..          ..  ..  ..  ..  603 

Lurching:  strains  consequent  upon    ..          ..  ..  ..  ..  .290 

Lntschaunig,  Herr:  his  steering  screw  ..  ••  ..  605 
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Mdgenta^  French  ironclad : —  pagb 
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GALTON  (Fravou).  Art  of  Trayel ;  or,  HinU  on  the  Shifts  and 
Contrivances  availahle  in  Wild  Countries.  Woodents.  Post  Bwo. 
7«.6d. 

GEOGBAPHICAL  SOCIETY'S  JOUBNAL.    {PtMisKed  Yearly.) 

GEOBGE  (Erjtkst).  The  Mosel ;  a  Series  of  Twenty  Etchings,  with 
Descriptive  Letterpress.    Imperial  4to.    42«. 

Loire  and    South  of  France;    a    Series  of   Twen^ 

EtchiiigM,  with  DescripUve  Text.     Folio.    42*. 

QEBM AN  Y  (History  of).    See  Maekhax. 

GIBBON  (Edward).  History  of  the  Decline  and  Fall  of  the 
Koman  Empire.  Edited  hy  Milmaii  and  Ouizot.  Edited,  with  Motes, 
hyOr.  Wm.  flMiTB.    Maps.    8  Vols.  8to.    00s. 

(The  Student's  Gibbon) ;  Being  an  Epitome  of  the  | 
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OnOTE    (Qtobqi).    Aribtotlx.    2  YoU.    Svo.    82«. 

Minor     Works.      With    Critical     Remarks    on     his 

Intellectual  Cbamcter,  Wriiioga,  and  Speeches.  By  Alex.  Baim,  LL.D. 
Portrait    8to.    14«. 

Fragments  on  Ethical  Subjects.   Being  a  Selection  from 

his    PoHthiim<m8   Pap-<rs.    With   an  Introduction.    By  Alpxawdm 
Baix,  M.A.    8yo.    7«. 

Letters  on  the  Politics  of  Switzerland  in  1847.    6s. 


Pergonal   Life.    Compiled    from    Family  Documents, 

PrivAte  MemorandA.   and   Original  Letters   to  and    from    Various 
Friends.    By  Mm.  Grotb.    Portrait.    8vo.    12«. 

HALL  (T.  D.)  AND  Dr.  Wm.  SMITH'S  School  Manual  of  English 
OrammAt.    With  Copious  Exercises.    12mo.    S$,  QJ, 

— ^—  Primary   English    Grammar   for    Elementary  Schools. 
Based  on  the  above  work.    16mo.    Is. 

Child's  First  Latin  Book,  including  a  Systematic  Treat- 


ment of  th<>  New  Pronunciation,  and  a  full  Praxis  of  Nouas,  Adjec- 
tives, and  PTonoun4.    ISmo.    Is.  6d, 

HALL  AM  (Hbrrt).  Constitutional  History  of  England,  from  the 

Aeemnion  of  Henry  the  Seventh  to  the  Dftath  of  OeorKS  the  Second. 
Library  EdUUm,  8  VoIa.  Svo.  SOs .  Cabinet  Bditi<m,  8  Vols.  Post  Svo.  ISf . 

Student's  Edition  of  the  above  work.     Edited  by 

Wm.  Smith,  D.G.L.    Post  Svo.     7s.  9d. 

History  of  Europe  during  the  Middle  Ages.  Library 

EdUkm,   8  Vols.   Svo.  80s.   CabUet  EJituntf  8  Vols.  Post  Svo.   12«. 

Student's  Edition  of  the  above   work.    Edited  by 

Wm.Smitb,  D.C.L.   Post  Svo.    7s.  Sd. 

Literary  History  of  Europe,  during  the  16th,  16th  and 

17th  Centuries.   Lihrary  Sditum.    3  Vols.   Svo.    86s.    Cabiiut  Sditiom, 
4  Vols.    Post  Svo.    16f. 


(Arthub)  Literary  Remains;  in  Yene  and  Prose. 

Portrait    Feap.  Svo.    8s.  6d. 

HAMILTON  (Gbn.  Sir  F.  W.).   History  of  the  Grenadier  Guards. 

Frr>m  Original  Documents  in  the  Jlolls'  Records,  War  Office,  Begimental 
RecordM,&c.  Wiihlllobtrations.    8  Vols.    Svo.    83*. 

HART'S  ARMY  LIST.    (PMished  Quarterly  ondAnnuaUy,) 

HAY  (Sir  J.  H.  Drummond).    Western  Barbaiy,  iu  Wild  Tribes 

and  Savage  Animals.    Post  Svo.   Ss. 
HEAD  (Sir  Frirois).    Royal  Engineer.     Illustrations.    8yo.  12«. 
■  Life  of  Sir  John  Burgoyne.  Post  Svo.  1*. 

—  Rapid  Journeys  across  the  Pampas.    Post  Svo.    2a. 

—  Bubbles  from   the  Brunnen  of   Nassau.     Illustrations. 

Post  Svo.    7t.  M. 

•^—  Stokers  and  Pokers  ;  or,  the  London  and  North  Western 

Railway.    Poet  Svo.    S«. 

(Sir  EnxaHi))  Shall  and  Will;    or,   Future    Auxiliary 


Vsrbe.    Feap.  Svo.    4s. 
HEBER'S  (Bishop)  Journals  in  India.    2  Yohi.    Post  8to.    7«. 

Poetical  Works.    Portrait.    Pcap.  Svo.    Zs.  6d 

-^—    Hymns  adapted  to  the  Church  Service.    16mo.    1*.  6d. 


14  LIST  OP  WORKS 


FOREIGN  HANDBOOKS. 

HAND-BOOK— TRAVEL-TALK.   English,  French,  German,  and 

Italian.    18mo.   S«.  M. 

HOLLAND  AND  BELGIUM.     Map  and  Plaas. 

Post  8vo.     «*. 

NORTH      GERMANY    and    THE     RHINE,— 


The  Black  Forest,  the  Harts.  ThUrlnffenrald.  Saxon  Switserland, 
R(i<ea  the  Gianr  Moimtainn,  Tauna*,  Odenirald,  £ias8,  and  Loth* 
ritigfn.    Mnp  and  IMaiM.    Post  8to.    10«. 

SOUTH    GEUMANT,— Wurtembarg,    Bavaria, 


AoAtria,  Stjrria,  Salabanc,  the  Auatiian  and  Bavarian  Alps,  Tyrol,  H an- 
gary, and  the  Danuhe.  from  Ulm  to  tha  Blaok  Sea.  Map.  Poet  8vo.  10c. 

PAINTING.  German,  Flemish,  and  Datoh  Seboola. 


IlliutrationH.  9  VoU.  Poet  8to.  Sit. 

LIVES  OF  EARLY  FLEMISH  PAINTERS.    Bj 


CaowBand  Catai^cabkllk.    Illustratlona.    PoetSro.    lOt.  6c{. 

SWITZERLAND,  Alps  of  Savoy,  and  Piedmont. 


Maps.    Post  Sto.    9«. 

FRANCE,  Part  L  Normandy,  Brittany,  the  Froneh 


Alps,  the  Loire,  the  Seine,  the  Garonne,  and  Prreneea.   Poet  8to.   7«.  M. 
Pan  II.    Central  France,  Aorergne,  the 


CerenneB.  Burgundy,  the  Rhone  and  Saone,  ProT«nce,  Nlmea,  Arlei^ 
Marseilles,  the  French  Alps,  Alsace,  Lorralue,  Champagne,  Ac  Mapt. 
Post  Syu.    7a.  M, 

MEDITERRANEAN    ISLANDS— MalU,  Corsica, 


Sardinia,  and  Sicily.    Maps.    PostSvo.  [IntktPrut. 

ALGERIA.    Algiers,  Constantine,  Oran,  the  Atlas 

Range.    Map.    Post  Sto.    P«. 

PARIS,  and  its  Environs.    Map.    16mo.    8^  6(L 


*«*  MuaaAT's  Plak  or  Paris,  mounted  on  canvas.    Ss.  dd. 

SPAIN,  Madrid,  The  Casiiles,  The  Basque  Provinces, 


Leon, The  Asturias,  Galieia,  Estremadura,  Andaliisls,  Konda,  Oranada, 
Murcls,  Val«>ncia.  (.Catalonia,  Aragon,  Navarre,  The  Balearic  Islands, 
Ac.  Ac    Maps.    2  Vols.    Post  8to.    iU. 

PORTUGAL,    LisBov,   Porto,  Ciatra,  Mafhk,  ke. 


Map.    Post  8vo.    lit. 

NORTH    ITALY,    Tarin,    Milnn,   Cremona,    the 


Italian  Laktw,  Bergamo,  Breocia,  Verona,  Mantua,  Vicenxa,  Padua, 
Ferrara,  Bologna,  Ravenna,  Ritulni,  Piscfnsa.  U(>noa,  the  RiTiera, 
Venice.  Panuii,  Modena,  and  Romagna.    Map.    Post  Svo.    10s. 

CENTRAL  ITALY,  Florence,  Lucca,  Tuscany,  The 


Marches,  Umhria,  and  late  Patrimony  of  St  Peter's.  Map.  Post  Svo.  10«. 
ROME  AHD  ITS  Ehvirohs.  Map.  Post  8vo.  10«. 
SOUTH   ITALY,  Two  Sicilies,   Naples,  Pompeii, 


Uerculaneura,  and  VesuTius.    Map.    Post  Hvo.    l(l«. 

KNAPSACK  GUIDE  TO  ITALY.    16mo. 
-  -        PAINTING.    The  Italian    Schools.     lilnstiations. 

S  Vols.    Poet  Svo.    30». 

LIVES  OF  ITALIAN  PAINTERS,  from  Cimabob 


to  Babsako.    Br  Mrs.  Jamraok.     PortraitN.    Po4<t  8vc     19«. 

NORWAY,  Christiania,  Bergen,  Trondhjem.   The 


Fj«ldB  and  Fjonis.    Map.    Po-t8vo.    Vn. 

SWEDEN,  Stockholm,  Upsa)a,   Gothenburg,   the 


Shores  of  th««  Baltic,  Ac    Pt>st  Svo.    tt*. 

DENMARK,  Sle^wig,  Ilolatcin,  Copenhagen,  Jut- 


land, Icelsnd.    Map.    Post  Svo.    6> 
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HAND-BOOK— RUSSIA,  St.  Pbtibsbubo,  Mosoow,  Polaitd,  and 

FufhAXD,    Maps.    PostSro.     18<. 

ORBECB,  the  Ionian   Ulanda,  Continental  Greece, 

Athens,  the  Peloponnesus  the  Islands  of  the  ^gean  Sea,  Albania, 
Theaaaly,  and  MaoedooU.     Maps.     Post  8vo.    16«. 

TURKEY    IN    ASIA— CoHSTAHTiHoPLi,  the    Boa- 


phorus,  Dardanelles,  Bronsft,  Plain  of  Troy.  Cr«>»e.  Cypra^,  Smyrna, 
Ephesue,  the  Seren  Charches,  Co&sts  of  the  Black  Sea,  Armenia, 
Mesopotamia,  &o.    Maps.    PostSvo.    15«. 

—   EGYPT,  inclndiDg  DeBcriptiona  of  the  Course  of 


the  Nile  through  Ef^pt  and  Nubia,  Alexandria,  Cairo,  and  Thebes,  the 
Sues  Canal,  the  Pyramids,  the  Peninsula  of  Sinai,  the  Oases,  the 
Fyoom,  Ac    Map.   Poet  Sro.  16i. 

HOLY  LAND — Stria,  Palestinb,  Peninsula    of 


Sinai    Edem ,  Syrian  I)ea«>rt8,Petni,  T)«maf<rus  .and  Palmyra.    Maps. 
PostSro.    20«.    %*  TrsTelllng  Map  of  Palestine.    In  a  case.    12». 

INDIA — Bombay  asd  Madras.      Map.     2  Vols. 


Post  Sto.    1S«.  each. 


ENGLISH    HANDBOOKS. 

HAND-BOOK— MODERN  LONDON.    Map.    16mo.    Zs.  6d. 
_  ENVIRONS  OP  LONDON  within   a  circnit  of  20 

miles.    2  Vols.    Crown  8to.    21«. 

EASTERN  COUNTIES.  Chelmsford,  Harwich,  Col- 
chester, Maldon.  CamhridRe,  Ely,  Newmarket,  Bury  St  Edmunds, 
Ipswich,  Woodbridge,  Felixstowe,  Lowestoft,  Norwich,  Yarmouth, 
Cromer,  &c    Map  and  Plans.    Post  Svo.    12«. 

—  CATHEDRALS  of  Oxford,  Peterborough,  Norwich, 


Ely,  and  Lincoln.    With  90  Illustrations.    Crown  Sro.    ISs. 

—  KENT,   Canterbury,   Dorer,  Ramsgate,  Sheerness, 


Rochester.  Chatham,  Woolwich.    Map.    Post  Svo.    7i.  6d. 

SUSSEX,  Brighton.  Chichef  ter.  Worthing,  Hastiogs, 


Lewes,  Arundel,  Ac.    Map.    Poet  Svo.    6$. 

SURREY  AND  HANTS,  Kingston,  Croydon,  Rei- 


f^te,    Guildford,   Dorking,   Boxhill,   Winchester,  Southampton,  Mew 
Forest,  Portsmouth,  and  IsLS  or  Wioht.  Maps.    Post  8vo.    ]0«. 

BERKS,  BUCKS,  AND   OXON,  Windsor,  Eton, 


Beading,  AyleHhury.  Uxbridge,  Wycombe,  Henley,  the  City  and  Unl- 
Tsrslty  of  Oxford,  Blenheim,  and  the  Descent  of  the  Thsjnes.  Map. 
Post  Svo.    7$.  9d. 

WILTS,  DORSET,  AND  SOMERSET,  Salisbuiy, 


Chippenham,  Weymouth,  Sherborne,  Wells,  Bath,  Bristol,  Tannton, 
Ac    Map.    PostSro.    10«. 

—  DEVON  AND  CORNWALL,  Exeter,  Ilfracombe, 


Linton,  Sidmouth,  Dawllsh,  Telgnmouth,  Plymouth.  Devonport,  Tor- 
quay, LaunccHton,  Truro,  Penzance,  Falmouth,  the  Liaard,  Land's  End, 
Ac.    Maps.    PoNtSvo.    I2t. 

CATHEDRALS  of  Winchester,  Salisbury,  Exeter, 


Wells,  Chichester.  R<H:heMter.  C*nterKnry,  and  St.  Albans.  With  180 
Illustrations.  S  Vols.  Crown  Svo.  36*.  St.  AIInuis  Mparately,  crosn 
Svo.  9a. 

—  GLOUCESTER.  HEREFORD,  and  WORCESTER, 


Cirencester,  Cheltenham.  Stroud,  Tewkesbury,  Leominster,  Rom.  Mai- 
rem,  Kidderminster,  Dudlt^y,  Bromsgrove,  Evesham.  Map.  Post  Svo.  9«. 

CATHEDRALS   of  Brietol,  Qloocester,   Hereford, 


WoroestarfandLiohileld.  With  60  lllustraUona.  Crown  Svo.   ISt. 


r-J 


^asr 


J". 


'"^n...!:  jt:   J' . iir:t :  UTnCrjr:. 


Tnt.     •.— '    ♦••rill*.    •.— lii     ■*  .*»   T!'^T#-.       *mii. 


l.>«Brtur    l.M^«   l.tfi'ii^  mui   **«i»»«ra«,    li^Mfi  vaa    Imi    2.v^ 
^^r^L.   ^rar»^     fc>iP  ^  ■  i.    l*-iK-nM-    tir**.    '■I'm—    l*«k.  for 


V«Mrdtjrt. 


'tan  T"«r*.mfifi*«  1^  inr  l»i<-f  a-iiC  1/  -^  F-i-gtt-j>a  MbA  JjrTto     Svo. 

SOCL'T^T  J.a.    AXmua54rvsj.    Fop.  8t«i    St. 
EC- JYT   niL    Bv  gcT.  7m\JUA  Jajihl    Fcap.  8to.  Ijl 
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HOMB    AND    COLONIAL    LIBRARY.    A  Seriea    of  Worki 

adapted  for  all  etrcles  and  claaaeH  of  Rsaden,  having  b«en  Mleeted 
for  their  acknowledged  interest,  and  ability  of  the  Anthors.  Poet  Sro. 
Published  at  2m.  and  3».  6d,  each,  and  arranged  under  two  distinctlv* 
beads  as  follows  :— 

CLASS  A. 


HISTORY.    BIOGRAPHY, 

y 


1.  SIEGE  OF  GIBRALTAR. 
Jomr  DftiVKWATBB.    2m, 


By 


2.  THE   AM BER'WITCH. 
Ladt  Duft  Gobdov.    2i, 

8.  CROMWELL  AND  BCJNYAN. 

By  ROBSBT  SOUTBBT.     2«. 

4.  LIFE  or  Sib  FRANCIS  DRAKE. 
By  Jomr  Babbow.    2m. 

6.  CAMPAIGNS  AT  WASHING- 
TON. ByRBT.G.R.GiiXio.  2m. 

6.  THE  FRENCH   IN  ALGIERS. 

By  Ladt  Durv  Gobdov.    2m. 

7.  THE  FALL  OF  THE  JESUITS. 

2m. 

8.  UYONIAN  TALES.    S#. 

9.  LIFE  OF  COND&  ByLoiD  Ma- 

BOK .    8«.  6d. 

10.  SALE'S   BRIGADE.     By  RiT. 
G.  R.  Qlkjo.    2m. 


AND    HISTORIC    TALES. 

11.  THE    SIEGES    OF   VIENNA. 
By  LoBD  Ellbsmbbb.    2m. 

19.  THE  WAYSIDE  CROSS.     By 
Capt.  Milmav.    2m. 

15.  SKETCHES  OP  GERMAN  LIFE. 

By  Sib  A.  Gobdov.    St.  Sd. 

14.  THE  BATTLE  of  WATERLOO. 
By  Rbv.  G.  R.  Glbio.    8«.6d. 

16.  AUTOBIOGRAPHY  OF  STEF- 

FENS.    2m. 

16.  THE    BRITISH    POETS.     By 

Thomas  Campbbll.    8«.  64. 

17.  HISTORICAL     ESSAYS.      By 

LoBO  Mahov.    8«.  6dL 

18.  LIFE  OF  LORD  CLIVE.     By 

Rbt.  G.  R.  Glbio.    8m.  64. 

19.  NORTH  -  WESTERN      BAIL- 

WAY.   By  Sib  F.  B.  Hbao.    St. 

90.  LIFE  OF  MUNRO.    By  Rbt.  O. 
B.  Glbio.    8m.  6d. 


CLASS  B. 
VOYAGES,    TRAVELS,   AND   ADVENTURES. 


1.  BIBLE  IN  SPAIN.   By  Gbobob 
BOBBOW.    8«.  dd. 

9.  GYPSIES  OF  SPAIN.  By  Qbobob 
BOBBOW.    8«.  6d. 

8  A  4.  JOURNALS  IN  INDIA.  By 
Bishop  Hbbxb.    9  Vols.    7m. 

6.  TRAVELS  iv  thb  HOLY  LAND. 
By  Ibbt  and  Makolbs.    2m. 

6.  MOROCCO  AND  THE  MOORS. 

By  J.  Dbummovd  Hat.    2m. 

7.  LETTERS  FROM  thb  BALTIC. 

By  a  Ladt. 

8.  NEW  SOUTH  WALES.  By  Mb8. 

Mbbbdith.    2m. 

9.  THE  WEST  INDIES.  By  M.  G. 

Lbwib.    2m. 

10.  SKETCHES  OF  PERSIA.     By 

Sib  JoH^r  Malcolm.    8«.  dd. 

11.  MEMOIRS  OF  FATHER  RIPA. 

2s. 

12  A  18.  TYPEE  AND  OMOO.    By 
HiRMAinr  Mbltillb.  9  Vols.  7m. 

14.  MISSIONARY  LIFE  IN  CAN- 
ADA.   By  Rbt.  J.  Abbott.    2m,    1 


16.  LETTERS  FROM  MADRAS.  By 
a  Ladt.    2m. 

16.  HIGHLAND     SPORTS.        By 

Cbablbs  St.  Johb.    8«.  6i. 

17.  PAMPAS  JOURNEYS.    By  Sn 

F.  B.  Ubad.    2m. 

18.  GATHERINGS  FROM  SPAIN. 

By  RiGHABD  FoBD.    8«.  6dL 

19.  THE   RIVER   AMAZON.      By 

W.  H.  Edwabds.    2«. 

90.  MANNERS   A   CUSTOMS  OF 
INDIA.  ByRBT.C.AoLAVD.  9t. 

21.  ADVENTURES    IN   MEXICO. 

By  G.  F.  RuxTOV.    8m.  6d. 

22.  PORTUGAL    AND    GALICIA. 

By  LoBD  Cabbabtok.    8m.  6dL 

28.  BUSH  LIFE  IN  AUSTRALIA. 
By  Rkt.  H.  W.  Hatoabtm.  9s. 

24.  THE  LIBYAN  DESERT.     By 

Batlb  St.  Job*.  2m. 

25.  SIERRA  LEONE.    By  A  Ladt. 

8m.  6d. 


*.*  Each  work  may  be  had  separately. 
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LIST  OP  WORKS 


HOOK'S  (Thiodou)  Life.  By  J.  O.  Lookhxrt.    Feap.  8to,     1«. 

HOPE  (T.  C).  AROHincTirBK  of  Ahmbdabad,  with  Historical 
Sketch  and  Architeetaral  NotM.  With  Maps,  Photographs,  and 
Woodcuts.    4to.    61.  b$. 

(A.  J.  Bsresford)  Worship  in  the  Church  of  England. 

8to.    9«.,  or,  Popular  SeUctiont  from,    Sro.    i$,6dU 

HORACE ;  a  New  Edition  of  ihe  Text.    Edited  by  Diah  Milmav. 

with  ICO  Woodcuts.    Crown  8to.    7§.  M. 

Life  ot    By  Dxav  Milmav.    Illnstrationa.    Sro.    9a 

HOUQHTON'S  (Lord)  Monographs,  Personal  and  SociaL     With 

Portndts.    Crown  8to.    10«.  6d, 

Poetical  Works.  Collected  EdiHon,  With  Por- 
trait.   9  Vols.    Fcap.Sro.    12i. 

HUME'S  (The  Student's)  History  of  England,  from  the  Inva- 
sion of  Julius  Caesar  to  the  RsTolntion  of  1688.  Corrected  uid  eoo- 
tinoed  to  1868     Woodcats.    Post  8vo.    7s.  M. 

HUTCHINSON  (Gbh.)  Dog  Breaking,  with  Odds  and  Ends  for 
those  who  Icve  the  Dog  and  the  Oun.  With  40  lUnstrattons.  6tli 
edition.    7t.  6d. 

HUTTON  (H.E.).  PrincipiaOrseca;  an  Introdnetion  to  the  Stndy 
of  Greek.  Comprehending  Grammar,  Deleetna,  sad  Exemiso  hook, 
with  Voeahularies.    Sixth  Bditien.    ISmo.    Bs.  64. 

IRBT  AND  MANGLES'  Trarels  in  Egypt,  Nnbia,  Syria,  and 

the  Holy  Land.    Post  8to.    St. 

JACOBSON  (Bishop).  Fragmentary  Illustrations  of  the  History 
of  the  Book  of  Common  Prayer;  from  Manuscript  Sources  (Bishop 
Sandsrsov  and  Bishop  Wbxv).    8to.    6s. 

JAJMES'  (RiT.  Thomas)  Fables  of  iEsop.  A  New  Translation,  with 
Historical  PrefiMC.  With  100  Woodcats  hy  TmraiL  and  WoiiV. 
PostSro.    S«.6d. 

JAMESON   (Mrs.).     Lires    of    the    Early    lUlian    Painter*— 

and  the  Progress  of  Painting  in  Italy— Cimabue  to  Basasao.    With 
60  Portraits.    Post  8to.    12f . 

JENNINGS  (Louis  J.).  Field  Paths  and  Green  Lanea.  Being 
Country  Walks,  chiefly  in  Surrey  snd  Sussex.  With  llInstratioDs. 
Post  8vo.  [In  tk€  Pr€9$, 

JERYIS   (Bkv.    W.    H.).      Galilean    Church,    from    ihe    Con- 
ordat  of  Bologna,  1616,  to  the  Revolution.    With  an  IntrodoctlQii. 
Portraits.    S  Vols.    8to.    28f. 

JESSE  (Edward).   Gleanings  in  Natural  Histoiy.  Fcp.Svo.  Zs,6d. 
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